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Summary 

Viruses are the most abundant biological entities in the ocean. Bacteriophages, or phages, are 

viruses that infect bacteria and quite often outnumber their hosts by an order of magnitude. 

Replicating via infection and lysis of bacteria, phages have an immense impact on bacterial cell 

abundances and community structures. In addition, phages influence their hosts´ metabolism 

and evolution through the expression of auxiliary metabolic genes and horizontal gene transfer. 

Therefore, and because of the release of bacterial cell debris upon viral lysis, phages are major 

players in global ocean biogeochemical cycles. 

Members of the family Roseobacteraceae, operationally also termed “the Roseobacter 

group”, are important heterotrophic bacteria in the marine environment, being most abundant 

in coastal waters and during algal blooms. They have been found worldwide in diverse aquatic 

habitats and great advances have been made in the recent years in uncovering their enormous 

genomic and metabolic diversity. In contrast, comparably little information has been gained so 

far about the phages infecting these bacteria, the so-called roseophages. Until now, phages have 

been isolated for only twelve out of more than 130 Roseobacteraceae genera. 

The overall objective of this dissertation was to investigate the roseophage diversity in 

the North Sea by means of isolation, cultivation and whole genome sequencing. Seawater 

samples taken from the southern North Sea during spring and summer as well as from a 

mesocosm experiment with an artificially induced algal bloom served for phage isolation using 

two approaches: enrichment cultures and direct plating of seawater concentrated via tangential 

flow filtration. More than one hundred new roseophages infecting the ecologically relevant 

genera Sulfitobacter, Lentibacter, and Octadecabacter have been isolated and genome 

sequenced, revealing an impressive diversity on several levels. 

In the first study presented in this dissertation, two dsDNA phages infecting Lentibacter 

sp. SH36 were isolated from enrichment cultures. Using database mining, we found related 

phages infecting the genera Sulfitobacter and Celeribacter and we showed that these 

cobaviruses are distributed worldwide in marine environments. We assigned these viruses to 

the new family Zobellviridae in the class Caudoviricetes, which was officially accepted by the 

International Committee on Taxonomy of Viruses (ICTV). Further on, a large-scale isolation 

campaign with direct plating yielded 128 new roseophage isolates with unique dsDNA 

genomes. These were grouped into twelve genus-level genomic clusters. Whole genome-based 
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classification of 28 representative phages assigned them to eight families in the class 

Caudoviricetes, comprising four already existing and four here newly proposed families. These 

new roseophages are diverse in terms of genome size, morphology and lifestyle, as predicted 

by the presence of lysogeny-related genes. The majority of the new isolates belonged to one 

large group of highly similar, potentially species-level related Sulfitobacter phages. Host range 

determination against their original isolation host strains revealed a complex infectivity 

network. Initial steps have been made to investigate closer the dynamics between these 

sulfiviruses and their hosts. Genome analysis of the phages as well as of thirty whole-genome 

sequenced host strains revealed a high degree of microdiversity on both sides. Finally, a small 

ssDNA phage infecting Sulfitobacter sp. SH24-1b was isolated, also from North Sea water. A 

preliminary characterization revealed its allocation to the Microviridae family. We found 

prophages related to this phage in the genomes of various taxa within the phyla Proteobacteria 

and Bacteroidetes, indicating that this type of prophages is widespread. 

Overall, the phages isolated in this dissertation enrich the known diversity of roseophages 

in the North Sea and worldwide. With only a few host genera, an enormous diversity of 

roseophages was isolated, suggesting how versatile and complex the interaction with their hosts, 

the roseobacters, and their impact on marine ecosystems must be. 
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Zusammenfassung 

Viren sind die am häufigsten vorkommenden biologischen Einheiten im Meer. Solche Viren, 

die Bakterien infizieren, werden Bakteriophagen, oder auch kurz Phagen genannt. Ihre Zahl ist 

im Meer zehnmal höher als die ihrer Wirte, der Bakterien. Da sich Phagen durch Infektion und 

die anschließende Lyse von Bakterien vermehren, haben sie einen immensen Einfluss auf die 

Häufigkeit bestimmter Bakterienzellen und die Struktur bakterieller Gemeinschaften. Durch die 

Freisetzung von Zellmaterial bei der viralen Lyse sind sie wichtige Akteure in den globalen 

biogeochemischen Kreisläufen der Ozeane. Außerdem beeinflussen Phagen den Stoffwechsel 

und die Evolution ihrer Wirte durch die Expression zusätzlicher Stoffwechsel-Gene und durch 

horizontalen Gentransfer. 

Die Mitglieder der Familie Roseobacteraceae, die auch als "Roseobacter-Gruppe" 

bezeichnet wird, sind wichtige heterotrophe Bakterien im Meer. Sie sind besonders zahlreich 

in Küstengewässern vertreten sowie während Algenblüten und kommen weltweit in den 

verschiedensten aquatischen Lebensräumen vor. In den letzten Jahren wurden große 

Fortschritte bei der Erforschung ihrer enormen genomischen und metabolischen Diversität 

erzielt. Vergleichsweise wenig ist hingegen bisher bekannt über die Phagen, die diese Bakterien 

infizieren, die sogenannten Roseophagen. Bislang wurden nur für zwölf von mehr als 130 

Roseobacteraceae-Gattungen Phagen isoliert. 

Das übergeordnete Ziel dieser Dissertation war die Untersuchung der Roseophagen-

Vielfalt in der Nordsee mittels deren Isolierung, Kultivierung und Genom-Sequenzierung. 

Meerwasserproben aus der südlichen Nordsee sowie von einem Mesokosmen-Experiment mit 

einer künstlich induzierten Algenblüte dienten zur Phagen-Isolierung. Dabei wurden zwei 

verschiedene Ansätze angewendet: Anreicherungskulturen und die direkte Ausplattierung von 

mittels Tangentialflussfiltration aufkonzentriertem Meerwasser. Auf diese Weise wurden mehr 

als einhundert neue Roseophagen isoliert, die die ökologisch relevanten Gattungen 

Sulfitobacter, Lentibacter und Octadecabacter infizieren. Die Sequenzierung ihrer Genome 

offenbarte eine beeindruckende Vielfalt in mehrfacher Hinsicht. 

In der ersten Studie, die in dieser Dissertation vorgestellt wird, wurden zwei dsDNA-

Phagen aus Anreicherungskulturen mit Lentibacter sp. SH36 isoliert. Durch eine 

Datenbankrecherche identifizierten wir verwandte Phagen, die die Gattungen Sulfitobacter und 

Celeribacter infizieren, und konnten zeigen, dass diese Cobaviren weltweit in marinen 

Lebensräumen verbreitet sind. Wir ordneten sie einer neuen Familie innerhalb der Klasse 
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Caudoviricetes zu, der Familie Zobellviridae, die vom International Committee on Taxonomy 

of Viruses (ICTV) offiziell anerkannt wurde. Des Weiteren wurden im Rahmen einer groß 

angelegten Isolierungskampagne mittels direkter Ausplattierung 128 neue dsDNA 

Roseophagen-Isolate gewonnen. Diese konnten in zwölf verschiedene Gattungen eingruppiert 

werden. Eine genombasierte Klassifizierung von 28 stellvertretenden Phagen ordnete diese acht 

verschiedenen Familien der Klasse Caudoviricetes zu, darunter vier bereits bekannte und vier 

neue Familien. Die neuen Roseophagen unterscheiden sich in Genomgröße, Morphologie und 

Vermehrungszyklus, wie das Vorhandensein lysogener Gene vermuten lässt. Die Mehrheit der 

neuen Isolate gehörte zu einer großen Gruppe sehr ähnlicher Sulfitobacter-Phagen, die 

möglicherweise als eine Art angesehen werden kann. Die Bestimmung des Wirtsspektrums in 

Bezug auf die ursprünglichen Isolierungswirtsstämme ergab ein komplexes Bild mit stark 

variierenden Wirtsspektren. Erste Schritte wurden unternommen, um die Dynamik zwischen 

diesen Sulfiviren und ihren Wirten näher zu untersuchen. Die Analyse der Phagen-Genome 

sowie der Genome von dreißig sequenzierten Wirtsstämmen zeigte ein hohes Maß an 

Mikrodiversität auf beiden Seiten. Das abschließende Kapitel dieser Dissertation beschreibt die 

Isolierung eines kleinen ssDNA-Phagen aus der Nordsee, der Sulfitobacter sp. SH24-1b 

infiziert. Eine vorläufige Charakterisierung ergab seine Zugehörigkeit zur Familie der 

Microviridae. Zudem identifizierten wir verwandte Prophagen in den Genomen verschiedenster 

Taxa innerhalb der Phyla Proteobacteria und Bacteroidetes, was darauf hinweist, dass diese 

Art von Prophagen weit verbreitet ist. 

Insgesamt bereichern die in dieser Dissertation isolierten Phagen die bekannte Vielfalt 

der Roseophagen in der Nordsee und weltweit. Mit nur wenigen Wirtsgattungen wurde eine 

enorme Diversität an Roseophagen isoliert. Dies verdeutlicht, wie vielseitig und komplex die 

Interaktionen mit ihren Wirten, der Roseobacter-Gruppe, und damit ihr Einfluss auf marine 

Ökosysteme sein müssen. 
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1. Introduction 

1.1. Importance of (marine) bacteriophages 

Viruses that infect bacteria are termed “bacteriophages” (or short “phages”). In marine systems, 

phages are the most abundant biological entities. They usually outnumber their bacterial hosts 

by an order of magnitude, with abundances of about 107 virus-like particles per milliliter 

(Cochlan et al. 1993; Suttle 2005). However, they are not only present in marine habitats. 

Phages have been found in all types of ecosystems, ranging from deserts (Fancello et al. 2013) 

to Antarctic lakes (Potter et al. 2018), from the human gut (Gantzer et al. 2002) to wastewater 

(Göller et al. 2021). They show an extreme morphological and genomic diversity. Their size 

ranges from very small, as for example single-stranded DNA (ssDNA) phage phiX174 

(Microviridae) with a capsid diameter of 26 nm and a genome of 5.386 kilobases (kb) 

(McKenna et al. 1992), to very large, for example “jumbo phages”, with capsid sizes above 

200 nm and genomes larger than 200 kb (Malone et al. 2020). A virus is not considered a living 

organism, because it requires the metabolism and DNA replication machinery of its host to 

produce its own progeny. Isolation of phages in the laboratory is dependent on cultivation of 

the respective host bacterium. Since many bacteria are difficult to cultivate under laboratory 

conditions, the majority of phages remains uncultivated and detailed knowledge about their 

lifestyle and interactions with hosts is limited to phages infecting comparably few bacterial 

taxa. 

Not only are bacteriophages abundant in the marine environment, they also play a major 

role in ecosystem functioning. They shape microbial communities simply by lysing their host, 

but also by altering the host´s metabolism, for example through expression of auxiliary 

metabolic genes (AMGs), and by maintaining microbial genetic diversity through horizontal 

gene transfer (HGT) (Fig. 1) (Fuhrman 1999; Suttle 2005; Brum et al. 2015). Furthermore, 

phages are major drivers of marine biogeochemical cycles, because the killing of their bacterial 

hosts and the subsequent release of nutrients creates a short cut in the flow of carbon, which is 

known as the viral shunt (Wilhelm and Suttle 1999; Suttle 2005, 2007). Therefore, it is 

fundamental for a profound understanding of the ocean´s ecosystem to investigate the diversity 

of marine bacteriophages and their interaction with the bacterial hosts. 
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Fig. 1: Cartoon illustrating the ways in which phages influence the composition of marine bacterial communities: by cell lysis, 

host metabolism manipulation and gene exchange. Figure from Breitbart (2012). 

For human health, phages can have both negative and positive effects. For example, some 

bacteria that are usually harmless for humans can be turned into virulent pathogens by certain 

temperate phages (Waldor and Mekalanos 1996). At the same time, phages are part of our 

immune system as they reduce bacterial colonization of mucosal surfaces (Barr et al. 2013). 

Since its discovery in the 1920’s, the therapeutic potential of phages has been mainly utilized 

in Eastern Europe. However, due to the urge to fight antibiotic-resistant pathogens, phage 

therapy has been (re-)discovered in the last decades also in the Western hemisphere (Kutter et 

al. 2010; Vandamme and Mortelmans 2019). Phage-based control of bacterial contamination 

and (phyto-)pathogens is already applied in aquaculture (Culot et al. 2019; Ramos-Vivas et al. 

2021), agriculture and food production (Goodridge and Bisha 2011; Torres-Acosta et al. 2019; 

Kazantseva et al. 2021). This way, phages and the exploitation of their antimicrobial action will 

most likely have an increasing impact on human health, nutrition, and economy in the future. 

1.2. Classification of bacteriophages 

1.2.1. Traditional classification of bacteriophages 

The first attempts to classify bacteriophages were based on their morphological differences 

observed by transmission electron microscopy. In 1967, Bradley described six groups of 

bacteriophages taking their basic morphology and also the type of nucleic acid into account. 

These categories were adopted by the International Committee on Viral Taxonomy (ICTV) and 

served as a basis for the description of the first phage families (Fenner 1976; Calendar and 

Abedon 2006). The majority of phages harbors the nucleic acid in a capsid. The capsid consists 

of several copies of the major capsid protein and its form can vary, often being icosahedral, 
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sometimes prolate or even helical (Bradley 1967). In rare cases, the icosahedral capsid is coated 

with a lipid layer (Lundström et al. 1979). 

Three of Bradley´s morphotypes have a tail structure attached to an icosahedral capsid 

and are equipped with linear double-stranded DNA (dsDNA) genomes. They were grouped in 

the now disbanded order Caudovirales (Ackermann 1998). The tail is either long, rigid and with 

a contractile sheath (myoviruses), or long, flexible, and non-contractile (siphoviruses), or short 

and non-contractile (podoviruses) (Fig. 2). At the tail tip there are fibers, which are important 

for attachment to the host (Nobrega et al. 2018). Phages of the fourth group have small 

icosahedral capsids with small, circular ssDNA genomes (Microviridae). Inoviridae also have 

small ssDNA genomes, but have a very different shape, with long, filamentous virions. The 

sixth group turned into the now abolished Leviviridae family, consisting of phages with small, 

icosahedral capsids and ssRNA genomes (Bradley 1967; Calendar and Abedon 2006).  

 

Fig. 2: Major morphological groups of bacteriophages (simplified scheme).  

Later on and in parallel to phage classification based on morphology, Baltimore (1971) 

classified viruses in general into six (later seven) Baltimore Classes (BC), based on nucleic acid 

type and replication strategies: dsDNA (I), ssDNA (II), dsRNA (III), positive-sense ssRNA 

(IV), negative-sense ssRNA (V), positive-sense ssRNA with reverse transcription (VI), and 

ssDNA with reverse transcription (VII). For decades, the Baltimore Classes and the six 

morphotypes have been the basis for phage taxonomy. With the development of high-

throughput sequencing techniques and bioinformatic tools, viral genomic information became 

accessible for a molecular-based classification and large-scale viral metagenomes and phage 

isolation campaigns revealed the true diversity of phages. 
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1.2.2. The megataxonomy of viruses 

The majority of cultivated phages are tailed, with dsDNA genomes. Therefore, it has been 

believed for a long time that this phage type is prevailing in nature (Ackermann 2007; Dion et 

al. 2020). Recently, improved methodologies showed that non-tailed phages are more abundant 

than previously thought, and in some environments they can even be dominant (Brum et al. 

2013). Moreover, new viruses are continuously being detected by viral metagenomics, viruses 

showing no genomic homology to known reference phages (Paez-Espino et al. 2016; Gregory 

et al. 2019; Benler and Koonin 2021). As a result, it became obvious that morphological features 

and nucleic acid type are not sufficient for a comprehensive classification of this vast viral 

diversity. Furthermore, the traditional classification system does not sufficiently reflect 

evolutionary relationships and thus lacks taxonomic relevance (Koonin et al. 2020a). In recent 

years, major efforts have been put into rethinking the classification of viruses. In 2020, Koonin 

and collegues proposed the “Megataxonomy of the Virus World”, based on which a new global 

organization with a hierarchical taxonomy of viruses has been developed and officially accepted 

by the ICTV (Koonin et al. 2020a). 

Unlike Bacteria and Archaea, viruses do not have a single common ancestor and are thus 

missing a universal marker gene comparable to the 16S rRNA gene, which has been 

traditionally used to investigate the phylogenetic relationships between cellular microbes 

(Krupovic and Koonin 2017; Numberger et al. 2019). This lack of a marker gene makes viral 

taxonomy much more difficult and a different approach needs to be taken to create the new 

megataxonomy, which is a combination of single/multiple gene phylogenetic methods and 

gene-sharing networks (Koonin et al. 2020a). For a bipartite gene-genome network approach, 

homologous viral proteins are first grouped into protein clusters, and then the viral genomes are 

grouped based on their shared protein clusters. Bipartite networks have two classes of nodes, 

one class representing the viral genome clusters, and the other the protein clusters connected to 

the viral genomes (Iranzo et al. 2016). During this analysis, the core proteins of certain phage 

groups are determined, which in turn can be used for phylogenetic tree building for the 

respective phage group. Despite the lack of a single universal gene for all viral genomes, with 

this approach it was possible to detect viral hallmark genes (VHGs), genes that are present in 

many different viral groups and can be used to differentiate them (Koonin et al. 2006).  

These VHGs have been used for the new definition of six viral realms: Adnaviria, 

Duplodnaviria, Monodnaviria, Riboviria, Ribozyviria and Varidnaviria (Koonin et al. 2020a; 

Koonin et al. 2022). Two of these realms currently correspond to two distinct groups of dsDNA 
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viruses, which differ in the structure of their major capsid protein. The realm Varidnaviria 

comprises those dsDNA viruses with a double-jelly-role major capsid protein (DJR-MCP), the 

realm Duplodnaviria those with a HK97-like major capsid protein (HK97-MCP) (Koonin et al. 

2020a). Within each realm, viruses are organized in eight major hierarchical ranks (kingdom, 

phylum, class, order, family, genus and species) and seven sub-ranks, inspired by the Linnaean 

taxonomy (Koonin et al. 2020a; Gorbalenya et al. 2020). The order Caudovirales and the 

morphology-based families Siphoviridae, Myoviridae and Podoviridae were dissolved, as they 

turned out not to be monophyletic (Turner et al. 2021). Instead, the class Caudoviricetes within 

the realm Duplodnaviria (Fig. 3) was created, comprising all tailed phages. The classification 

of the phages into genome-based, monophyletic families is currently in progress. The terms 

“siphoviral”, “myoviral”, and “podoviral” are still valid to describe the respective morphology. 

Within the class Caudoviricetes, there are currently four orders (Crassvirales, 

Kirjokansivirales, Methanobavirales and Thumleimavirales), and several families and 

subfamilies, many of them not yet assigned to any order (Walker et al. 2022). 

 

Fig. 3: Taxonomy of the class Caudoviricetes, which contains all tailed phages. 

While the six viral realms have been defined based on VHGs, the lower ranks (genus and 

species) should be defined based on intergenomic sequence identity, which can be calculated 

with tools like VIRIDIC (Moraru et al. 2020). According to ICTV recommendations, viruses 

of the same species should have a sequence identity higher than 95%, and for the genus level 

higher than 70% (Turner et al. 2021; Moraru 2023). For the definition of intermediate ranks 

such as family and order, whole-proteome based clustering and comparison of protein family 

profiles should be used (Turner et al. 2021; Simmonds et al. 2023). For this kind of whole-

Class

Phylum

Kingdom

Realm Duplodnaviria

Heunggongvirae

Peploviricota Uroviricota

Caudoviricetes
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proteome based phage classification, several tools have been developed, such as ViPTree 

(Nishimura et al. 2017b), VICTOR (Meier-Kolthoff and Göker 2017), GRAViTy (Aiewsakun 

and Simmonds 2018) and vConTACT (Bolduc et al. 2017a). One of the most recently 

developed tools is VirClust (Moraru 2023). This is the main tool used for virus classification in 

this dissertation, because it performs a hierarchical classification of viruses based on their 

shared protein clusters (PCs). VirClust also provides protein annotation and core protein 

identification (Moraru 2023). 

1.3. Lifestyles of bacteriophages 

To produce progeny, a phage needs a bacterial host cell to replicate its DNA and synthesize 

new virus particles. Viruses use multiple infection strategies and phage lifestyles to achieve 

this, which have been investigated to varying degrees. Best known so far are the canonical 

lifestyles “lytic” and “lysogenic”, which at the same time represent the opposing extremes. 

While in the lytic lifestyle, infection immediately leads to the production of phage progeny and 

lysis of the host cell, in the lysogenic life cycle the viral nucleic acid is integrated into the host 

genome and is automatically replicated during cell division until the lytic production cycle is 

eventually induced (Fig. 4). More recently, additional intermediate strategies like 

“pseudolysogeny” and “chronic infection” were detected and by now, phage infection instead 

of being seen as a matter of distinct categories, rather seems to be a continuum of different 

strategies (Chevallereau et al. 2021).  

1.3.1. Lytic life cycle 

Irrespective of the type of infection cycle, it always starts with recognition and attachment of 

the virion to the host cell, followed by injection of the viral genomic material into the host 

cytoplasm (Fig. 4). In the lytic life cycle, reproduction of the virus is immediately started by 

reprogramming the host metabolism to replicate the phage genome and produce new phage 

particles (Weinbauer 2004). In the second phase, packaging of the new viral genomes into the 

capsids takes place, and this can be achieved by a number of different mechanisms (see section 

1.3.4.). Finally, upon lysis of the host cell, the virion progeny is released. The time from 

adsorption to cell lysis is termed “latent period” (Weinbauer 2004). Its duration varies 

dramatically between different phage-host systems and depends on the bacterial host growth 

rate (Weinbauer 2004; Middelboe 2000). The same is true for the burst size, the number of new 
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virions released per cell, which is reduced under unfavorable growth conditions (Kokjohn and 

Sayler 1991). 

 

Fig. 4: The lytic and lysogenic life cycle of bacteriophages. Both cycles start with the attachment to the host cell and insertion 

of the viral genome. In the lytic cycle, the phage genome is immediately replicated, and capsid and tail proteins are produced. 

Virions are assembled and the phage genome is packaged. Finally, the host cell is lysed, and progeny phages are released into 

the environment. In the lysogenic cycle, the phage genome integrates into the host chromosome and becomes a prophage. 

During the latent period (dormant state), no phage progeny is produced. The prophage is replicated together with the host 

chromosome via cell division, until an external trigger leads to induction of the lysogenic cycle. The figure has been modified 

from Feiner et al. (2015). 

Phage-mediated cell lysis is a carefully regulated process, with the mechanisms being 

diverse amongst different kinds of phages. For dsDNA phages of Gram-negative bacteria, the 

lysis pathway comprises three steps corresponding to the three parts of the bacterial cell wall 

(Young 2014). For the first step, two different systems are known: (i) Holins (phage-encoded 

proteins) accumulate within the cytoplasmic membrane and form micron-scale holes in the 

inner membrane. These holes allow endolysins to pass the membrane and degrade the 

peptidoglycan in the periplasm. (ii) Pinholins form small channels, which leads to 

depolarization of the membrane. This causes the activation of “signal anchor release” (SAR) 

endolysins that degrade the peptidoglycan (Cahill and Young 2019). The degradation of 

peptidoglycan is regarded as the second step of the lysis pathway. Finally, in the third step of 

lysis, the outer membrane is disrupted by spanins, proteins that form a bridge connecting outer 

and inner membrane. This can either be achieved by a two-component spanin complex or by a 

single protein that spans the periplasm (Young 2014; Cahill and Young 2019). 
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1.3.2. Lysogenic life cycle 

Temperate phages undergo the lysogenic life cycle, in which the viral DNA enters a dormant 

state after injection into the host cytoplasm. Throughout this dormant state, the viral genome 

exists either as part of the host chromosome, or as an extrachromosomal element (Fig. 4) 

(Feiner et al. 2015). During this state, the viral genome is referred to as “prophage” and is 

replicated together with the host chromosome and thereby vertically transmitted between host 

generations. In this dormant or “latent” state, no production of new viral particles and no cell 

lysis takes place (Feiner et al. 2015). The bacteria carrying the prophage are called “lysogens” 

(Abedon 2022). The integration of the phage genome is often mediated by virus-encoded DNA 

integrases and either takes place at a specific attachment sites in the host genome, as for example 

in the case of Escherichia coli phage λ, or at random positions (e.g., phage Mu) (Bukhari and 

Zipser 1972; Shimada et al. 1972; Feiner et al. 2015). During the latent state, production of new 

virions is prevented by repression of viral lytic genes until entering of the lytic life cycle is 

induced (Bednarz et al. 2014; Feiner et al. 2015). This “switch” can be spontaneous or induced 

by phage regulatory genes or external triggers of the bacterial DNA damage stress response 

(e.g., temperature change, nutrient change or oxidative stress) (Howard-Varona et al. 2017). 

The expression of viral lytic genes then leads to DNA replication, assembly of phage particles, 

packaging and ultimately lysis of the host cell (Feiner et al. 2015).   

1.3.3. Pseudolysogeny and chronic infections 

Another, yet less understood life cycle with a latent state is “pseudolysogeny” or “carrier state 

life cycle”. In contrast to lysogeny, the viral genome is not integrated into the host genome but 

asymmetrically transferred to one cell of the daughter generation. It remains in the host 

cytoplasm as an episome (or preprophage) (Miller and Day 2008; Feiner et al. 2015). This life 

strategy mostly occurs under nutrient limited conditions. This way, long-term coexistence of 

phage and host is ensured until conditions are better and the phage enters either the lytic or the 

lysogenic pathway (Miller and Ripp 2002).  

The feature of performing chronic infections is not limited to, but typical for members of 

the Inoviridae family, which are filamentous ssDNA phages (Zeng et al. 2021). They follow a 

productive chronic pathway, in which they manipulate the host cellular mechanisms to replicate 

their viral genome and produce new phage particles that are continuously released from the cell 

by extrusion without lysing it (Chevallereau et al. 2021; Mäntynen et al. 2021). 
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1.3.4. DNA packaging strategies 

In the course of the infection cycle, after new viral capsids have been produced, the genome of 

a tailed phage needs to be packed as a linear DNA molecule into the new capsid. This can be 

performed by various packaging techniques involving different types of physical genome ends 

(Merrill et al. 2016). Determining the physical genome start and end is crucial for proper 

arrangement of viral genomes and thereby ensuring an easy comparison of multiple genomes. 

Instead of laborious wet lab techniques, it is possible to use software-based methods operating 

on raw sequencing data to predict the genome ends and DNA packaging strategy (Merrill et al. 

2016; Garneau et al. 2017). 

Upon infection of a new host cell, the linear phage DNA is injected and circularized inside 

the cytoplasm (for most phages). There are different mechanisms of circularization, depending 

on the packaging strategy and the genome termini (Casjens and Gilcrease 2009; Merrill et al. 

2016). If homologous recombination is used for circularization, identical sequence regions are 

necessary at both ends of the genome. This can be achieved through various ways, one of them 

being exact direct terminal repeats (DTRs), which can be short or long (Merrill et al. 2016). 

After circularization, there is one copy of the DTR in the genome, which is then multiplied by 

rolling circle replication resulting in linear concatemers with one copy of the DTR between 

each concatemer (Fig. 5). During packaging, the terminase cuts after the DTR and the DTRs 

are duplicated so that each capsid gets a molecule of exactly one genome-length with identical 

repeats at both ends. An example for this packaging strategy is Escherichia coli phage T7 

(Merrill et al. 2016; Garneau et al. 2017). 

Another type of genome termini are cohesive ends with either 3’ overhangs (e.g., 

Escherichia coli phage HK97) or 5’ overhangs (e.g., Escherichia coli phage Lambda) (Merrill 

et al. 2016). For circularization, the complementary overhangs or “sticky ends” are ligated 

(Fig. 5). Through rolling circle replication concatemers of the genome are created, separated by 

a specific cos site, which upon packaging is recognized by the terminase and used as packaging 

start and cutting spot. With the terminase cutting precisely at the cos site, it is ensured that each 

viral capsid contains a molecule of exactly one genome-length (Merrill et al. 2016). 

In contrast to the above-described packaging strategies that use strictly defined genome 

ends, phages using headful packaging have terminal repeats that vary amongst progeny virions 

(Fig. 5) (Merrill et al. 2016). The genome is again circularized by homologous recombination 

and linear concatemers are created by rolling circle replication. For packaging, the terminase 
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recognizes a specific pac site for the first cut. However, the following cuts are made when the 

respective capsid is full (headful packaging), so after slightly more than one genome length. 

This leads to repeated sequences at each end, which are different for each virion. The 

chromosomes in the progeny virions are circularly permuted (Merrill et al. 2016). An example 

for this packaging strategy is Escherichia coli phage P1 (Garneau et al. 2017). There are also 

phages using headful packaging without any specific packaging (pac) site, which thus have 

random termini on both genome ends and are circularly permuted as well, such as Escherichia 

coli phage T4 (Garneau et al. 2017).  

Apart from these four categories of packaging and genome termini, there are further 

strategies known, which do not involve repeated sequence regions and thus cannot be easily 

identified by analysis of raw sequencing data (Merrill et al. 2016). Escherichia coli phage Mu 

for example integrates into the host chromosome and before it is packaged, the phage genome 

is cut out of the host chromosome and thereby extended by segments of host DNA at both ends. 

These ends differ amongst progeny virions depending on the former position of the respective 

phage genome within the host chromosome (Bukhari and Taylor 1975; Merrill et al. 2016). 

Bacillus phage phi29 on the other hand has a protein that is covalently bound to each genome 

end and initiates DNA replication (Ortĭn et al. 1971; Merrill et al. 2016). 

 

 



Introduction 

11 

 

 

Fig. 5: Viral DNA structure inside the virion before infection, circularization, and packaging mechanism of 

different phages with different DNA packaging strategies. I Exact direct terminal repeats (DTR). I-A Before 

infection, phage DNA inside the virion has identical sequences at both ends. All virions have the same end 

sequences. I-B Formation of a circular DNA molecule by homologous recombination. I-C A linear concatemer is 

formed by rolling circle replication. During DNA packaging, the DTR sequences are duplicated. Each virion gets 

the same repeats at both ends. II Cohesive ends. II-A The linear genome can have 3’ or 5’ overhangs. II-B Sticky 

ends are ligated after infection. II-C Rolling circle replication creates a linear concatemer. 3’ or 5’ overhangs are 

formed with the terminase cutting directly at the cos site. Into each virion, exactly one genome length is packaged. 

III Headful packaging. III-A The viral genome prior to infection has similar sequences at both ends, varying 

between virions. III-B By homologous recombination a circular DNA molecule of exactly one genome length is 

generated containing one pac site. III-C Rolling circle replication creates a linear concatemer. The terminase starts 

packaging at the pac site and cuts after slightly more than one genome length. This way, a repeated sequence at 

both ends is created and the position of the pac site differs between each virion. The figure has been modified from 

(Merrill et al. 2016).  



Introduction 

12 

 

1.4. Phage-host interactions 

1.4.1. Host range of bacteriophages 

All the above-mentioned effects that bacteriophages have on microbial communities and on 

their evolution, on biogeochemical cycles and on human health are critically dependent on how 

and with which hosts they interact. Thus, the host range, i.e. the taxonomic diversity of hosts a 

specific bacteriophage can infect, is one of the crucial traits to investigate (de Jonge et al. 2019). 

To discuss and compare the host ranges of different phages, first one needs to define what a 

successful infection is and what a broad or a narrow host range is. Just as for viral taxonomy, 

the fact that the discovery of the true viral diversity has only just begun, makes a clear 

delineation of “broad” and “narrow” difficult. Furthermore, possibilities to determine the host 

range experimentally and computationally are limited. Host range determination in the 

laboratory is restricted by the collection of bacterial strains tested and by the requirement to 

detect a successful infection. In addition, phages can have high mutation rates and the host 

range can evolve rapidly (Meyer et al. 2016). Furthermore, with one point mutation being 

sufficient to change the host range of a phage, alterations become reversible and repeatable (Le 

et al. 2013; de Jonge et al. 2019). 

What defines successful infection? De Jonge et al. (2019) specified it as completion of 

the viral life cycle. For strictly lytic phages, this corresponds to the lysis of the host cell and the 

release of viral progeny, which is comparably easy to detect. On solid medium (double-layer 

agar), cell lysis becomes visible by clearing zones in the bacterial lawn (plaques), in liquid 

cultures by a drop in optical density (OD), decrease of bacterial cell numbers and increase of 

phage particles. The latter can be measured also with flow cytometry or fluorescence in situ 

hybridization (FISH) combined with epifluorescence microscopy, for example. For host range 

tests, most often agar-overlay techniques like spot assay or plaque assay are used (Holmfeldt et 

al. 2007; Synnott et al. 2009; Zhan et al. 2016; Li et al. 2016a; Sonnenschein et al. 2017). 

In their review, de Jonge et al. (2019) defined that phages being capable to complete their 

life cycle in only one host are narrow-host-range phages. If a phage can complete its life cycle 

in multiple hosts that are taxonomically distinct, even different strains of the same species, they 

refer to it as broad-host-range phage. A distinction can be made between two cases. Either the 

individual phage particle can infect multiple hosts (phenotypical mechanisms), or the individual 

particle can only infect one host, but the phage “quasispecies” is able to infect multiple hosts 

(genotypical mechanisms). The latter phenomenon is called “host switching” (de Jonge et al. 
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2019). Despite this categorization, host range can rather be seen as a continuum, especially at 

the population level. 

As described in section 1.3, phage infection involves different phases. To be capable to 

infect a broad range of hosts, phages need to have the required adaptations in all stages of their 

life cycle (de Jonge et al. 2019). The first (and most obviously host range-relevant) level is host 

recognition, involving surface-adhesion mechanisms. The binding of the phage to the host 

receptor is mediated by the phage receptor-binding protein (RBP), which for tailed phages is 

located at the tip of the tail or at the baseplate (Tremblay et al. 2006; Legrand et al. 2016; 

Klumpp et al. 2023). One phage particle can have multiple RBPs (polyvalent), or the 

quasispecies can consist of individual particles with only one RBP (monovalent), but host 

switching is enabled through targeted genetic diversification of the RBP. It could also be that a 

phage particle has multiple RBPs, but only one is expressed under certain conditions (Chow 

and Bukhari 1976; Liu et al. 2002; de Jonge et al. 2019). After cell entry, the challenges for the 

phage continue. To replicate its own genome, the phage needs to adapt to the host´s replication 

machinery, for example in terms of codon usage, and to withstand the host´s defense 

mechanisms (see the following chapter). The integration of temperate phages into the host´s 

chromosome is often mediated by integrases. With those being highly specific, it requires a host 

chromosome with the corresponding integration target site (Smith et al. 2010; de Jonge et al. 

2019). Also for the final step, the lysis of the host cell, the equipment of the phage (e.g., 

endolysins, holins) needs to be compatible with the host´s cell wall and defense mechanisms 

(reviewed in de Jonge et al. 2019). 

Phages with very different host ranges have been described so far, from highly specific 

ones infecting only one strain, to broad-host-range phages infecting several genera (Holmfeldt 

et al. 2007; Born et al. 2011; Ahern et al. 2014). However, most isolated and model phages 

have a rather narrow host range and so do most of the described roseophages (Zhan and Chen 

2019a). In contrast, isolation of new broad-host-range phages like the non-tailed 

Autolykiviridae (Kauffman et al. 2018) shows that broad-host-range phages might be more 

abundant than previously assumed (Roux et al. 2016; Paez-Espino et al. 2016). This 

contradiction could partly be explained by the interplay of host range and infection efficiency. 

For some broad-host-range phages, it has been shown that their ability to infect many hosts 

comes along with a decrease in virulence (Keen 2014; Ford et al. 2014; Kauffman et al. 2018). 

Since isolation techniques require a certain level of virulence, e.g., to obtain a visible plaque 

for picking, there is a bias in favor of phages that have a high infection efficiency on the specific 
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host and thus likely a narrow host range. The same bias is of course also to be taken into account 

when evaluating host range assays. What holds true for culture-dependent experiments in 

general, applies here in particular: the determined results only reflect the host range under these 

exact conditions (e.g., host abundance, host diversity, temperature, time). Hyman and Abedon 

(2010) suggested to always specify the experimental technique when talking about host range 

results and call it for example a “plaquing” host range or “spotting” host range.  

1.4.2. The arms-race between phages and bacteria 

As indicated in the previous chapter, for successful infection phages need to overcome a number 

of obstacles in each stage of their life cycle. Bacteria exhibit a plethora of defense mechanisms 

to prevent infection and/or killing, acting on the different viral infection stages. These together 

form the “immune-system” of bacteria (Bernheim and Sorek 2020; Millman et al. 2022). 

Likewise, phages have developed an arsenal of counteracting anti-defense systems. The arms-

race between phages and bacteria leads to a huge and rapidly-evolving variety of defense and 

anti-defense systems (Hampton et al. 2020). In bacterial genomes, defense genes are often 

located on genomic islands (defense islands) (Makarova et al. 2011). Hussain et al. (2021) 

investigated a large collection of closely related Vibrio strains and their phages (Nahant 

collection) and found phage susceptibility of the bacteria to be mediated by large mobile genetic 

elements, which are highly diverse, exchanged at great evolutionary speed and make up the 

majority of the flexible genome. The authors argue that being localized on mobile genetic 

elements, defense genes can be exchanged rapidly between clonal strains. This paves the way 

for a high diversity of coexisting defense systems at population level, lowering prey 

concentration and increasing the chance of species survival. At the same time, the core genome 

and the encoded physiological and metabolic adaptations are independent from phage defense 

and can be maintained on population level even upon phage predation. In addition, it makes 

sense that defense genes are on mobile genetic elements, because they also imply a fitness-cost 

for the host (Koonin et al. 2020b). 

Bacterial defense systems 

Already the very first step of infection, the adsorption of the phage, can be prevented by the 

host by multiple means, such as receptor mutations, phase variation or receptors being masked 

by exopolysaccharide capsules (reviewed in Hampton et al. 2020). In addition, bacteria can use 

outer membrane vesicles (OMVs) with receptors on the surface to entice phages away (Reyes-

Robles et al. 2018). After cell entry, major types of known defense systems can be roughly 

classified in three categories (reviewed in Labrie et al. 2010; Bernheim and Sorek 2020; Tal 
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and Sorek 2022). The first category comprises systems based on the degradation of viral nucleic 

acids and include restriction-modification (RM) systems and some CRISPR-Cas systems. Most 

commonly, a specific sequence is methylated on adenine or cytosine bases in the bacterial 

genome. Upon infection, the respective un-methylated sequence in the phage genome is 

recognized and cleaved (Oliveira et al. 2014; Mruk and Kobayashi 2014). Other modifications 

are known, also systems in which the viral DNA is modified (Bair and Black 2007; Wang et al. 

2007; Thiaville et al. 2016). Further DNA degrading strategies include the CRISPR-Cas 

systems working with adaptive immune memory (Hille et al. 2018; Cady et al. 2012), as well 

as prokaryotic argonautes (pAgo) (Lisitskaya et al. 2018). The second category comprises 

abortive infection (Abi) systems, which recognize a phage infection and sacrifice the infected 

cell to prevent formation of phage progeny and thereby protect the community. Various 

mechanisms are known, including signaling systems, retron systems and toxin-antitoxin 

systems. Also type III CRISPR-Cas systems and many others lead to cell death or growth 

inhibition (Lopatina et al. 2020; Millman et al. 2020). In a third category, phage DNA and RNA 

synthesis can be inhibited via chemical defense involving different molecules such as 

prokaryotic viperins or anthracyclines (Bernheim et al. 2021; Hardy et al. 2023). Additionally, 

defensive enzymes (e.g., dGTPases) can cause nucleotide depletion and this way hinder viral 

genome replication (Tal et al. 2022). Apart from the systems described above, a large number 

of new systems with yet unknown mechanisms has been discovered. Since defense systems are 

often co-located in defense islands, analysis of the genomic surrounding of known defense 

genes has led to the discovery of new systems (Doron et al. 2018; Gao et al. 2020; Rousset et 

al. 2022; Millman et al. 2022). Still, most probably there are many more to explore, not to 

mention the fact that they are constantly evolving.  

One bacterial genome encodes multiple defense systems (also several of the same kind) 

to evade infection of different types of phages. Possessing several lines of defense counteracts 

the fact that phages can become resistant. However, due to the fitness burden implied, a single 

bacterial strain cannot encode all the defense systems that may ever be needed (Bernheim and 

Sorek 2020). Thus, similar to the principle of “host switching” described by de Jonge et al. 

(2019) and in accordance with the considerations of Hussain et al. (2021) and Koonin et al. 

(2020b) mentioned above, Bernheim and Sorek (2020) suggested to see the available defense 

systems in a population of bacteria as a shared pool and proposed the “pan-immune system 

model”.  
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This shared pool is maintained and expanded by prophages (and plamids). They can 

encode additional defense systems to prevent the lysogen from being infected by related phages, 

a phenomenon called “superinfection exclusion” (Taylor et al. 2019). The genomic regions of 

prophages containing these non-essential transcribed genes are termed “morons”. They can also 

harbor other fitness factors for the host, such as antibiotic resistance, increased early biofilm 

formation or additional metabolic functions (Wang et al. 2010; Taylor et al. 2019). In general, 

this alteration of the host´s phenotype is described as “lysogenic conversion” (Little 2005). 

Phage anti-defense strategies 

As mentioned above, phages have a battery of anti-defense systems to counteract the bacterial 

immune system (reviewed in Hampton et al. 2020). Apart from improved adsorption by 

multiple and modified RBPs, there are multiple ways how phages evade the bacterial defense 

systems after cell entry. To escape RM systems, phage DNA can become methylated itself 

either by methyltransferases of its own or by manipulation of the respective host enzymes 

(Murphy et al. 2013). In addition, the target sequence of RM or CRISPR-Cas systems can be 

removed or modified (Pleška and Guet 2017; Vlot et al. 2018). Furthermore, phages can use 

anti-defense proteins, which act against restriction endonucleases after being either expressed 

early after infection or injected into the cell together with the DNA (Atanasiu et al. 2002; Piya 

et al. 2017). Anti-CRISPR (Acr) proteins inactivating CRISPR-Cas systems have also been 

discovered (Bondy-Denomy et al. 2013). To evade from toxin-antitoxin systems, phages can 

have several antitoxins encoded themselves or they produce other proteins interfering with the 

host´s toxin production or antitoxin degradation (reviewed in Hampton et al. 2020). In 

correspondence with the multiple defense systems encoded by the host, phages need to have 

multiple counter-defense systems. Thus, Bernheim and Sorek (2020) predict that among phage 

proteins with so far unknown function, more, yet unknown anti-defense genes will be identified 

in the future. 

1.5. Phages infecting marine Roseobacteraceae 

“Roseobacter group” or “roseobacters” is an informal term that has been used for a long time 

to describe a subgroup of the Rhodobacteraceae family comprising mainly marine members. 

Just recently, the classification has changed and the roseobacter group has been moved into its 

own family, the Roseobacteraceae fam. nov., because the members are clearly distinct from 

other Rhodobacteraceae on genomic, phylogenetic and phenotypic level (Liang et al. 2021). In 
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this dissertation, both classifications will be used. In the main parts of the thesis, the new 

classification as Roseobacteraceae will be applied, while in the chapters corresponding to 

already published work, the group is still referred to as part of the Rhodobacteraceae. 

Roseobacters represent a predominant lineage of heterotrophic bacteria in the marine 

environment (Simon et al. 2017) and have been found in diverse marine habitats, in the pelagic, 

in sediments and surface-associated, ranging from coastal regions to the deep-sea (Giebel et al. 

2011; Kanukollu et al. 2016; Tang et al. 2016). They are most abundant in coastal areas, from 

temperate to polar regions, especially during phytoplankton blooms (Selje et al. 2004; Lamy et 

al. 2009; Lenk et al. 2012). Roseobacters have a high metabolic diversity and are capable to 

metabolize a large variety of organic compounds, perform anoxygenic photosynthesis and 

produce different secondary metabolites (Buchan et al. 2005; Newton et al. 2010; Simon et al. 

2017). They have been shown to be phytoplankton-associates, utilizing algal exudates such as 

dimethylsulfoniopropionate (DMSP) and potentially engaging in both mutualistic and 

pathogenic interactions with the algae (Buchan et al. 2014; Amin et al. 2015). Accordingly, 

roseobacters typically increase in abundance during phytoplankton blooms, where they 

dominate the active bacterial community (Buchan et al. 2014; Wemheuer et al. 2015; Teeling 

et al. 2016; Bakenhus et al. 2017). 

Although the roseobacters are such a diverse group comprising more than 130 genera 

(LPSN List of Prokaryotic names, Parte et al. (2020), accessed 15.06.2023), roseophages 

(phages that infect roseobacters) have been isolated from only twelve genera (Celeribacter, 

Dinoroseobacter, Loktanella, Paracoccus, Pelagibaca, Rhodobacter, Rhodovulum, 

Roseobacter, Roseovarius, Ruegeria, Sulfitobacter and Thiobacimonas). Nevertheless, the 

described roseophages show a remarkable genomic diversity and in recent years, scientific 

interest and the description of roseophage isolates have increased impressively. Roseophage 

isolates originate mainly from marine, coastal environments. However, for several of them 

searches in metagenomics databases have revealed that they are cosmopolitan. They occur 

mostly in coastal areas, but also in the open ocean, the deep sea and freshwater environments 

(Chan et al. 2014; Zhan et al. 2016; Qin et al. 2022). Moreover, the exact habitats from which 

roseophages have been isolated are divers and can have extreme conditions, ranging from 

Antarctic sea ice to tidal flat sediments, shallow-sea hydrothermal systems and soda lakes (van 

Zyl et al. 2016; Lin et al. 2016; Luhtanen et al. 2018; Hwang et al. 2020). When Zhan and Chen 

reviewed our knowledge about roseophages in 2019, 32 roseophages had been described. Until 

2010, it had been only four (Zhan and Chen 2019a). Now (in 2023) the number of described 

roseophage isolates has increased to over 90, not including this work. The majority of them 



Introduction 

18 

 

have a dsDNA genome and a podo- or siphoviral morphology, with a high morphological 

variety in terms of capsid size and tail length (Zhan and Chen 2019a). 

The SIO1 phage infecting Roseobacter sp. SIO67 was the first described roseophage and 

the first sequenced marine phage (Rohwer et al. 2000). Highly similar phages (>96% nucleotide 

identity) were isolated twelve years later from the same geographic area, providing evidence 

that marine viruses can exist as discrete populations over long periods of time (Angly et al. 

2009). The SIO1 phage is a podovirus and is distantly related to the T7 phage (Rohwer et al. 

2000), but has no RNA polymerase. A close relative of SIO1 is the roseophage P12053L 

infecting Celeribacter marinus IMCC12053 (Kang et al. 2012; Hardies et al. 2016). More than 

a third of the described roseopodoviruses belong to the N4-like group, named after Escherichia 

coli phage N4. The first roseophages of this kind were identified as phage DSS3_P2 infecting 

Ruegeria pomeroyi DSS-3 and phage EE36_P1 infecting Sulfitobacter sp. EE-36 (Zhao et al. 

2009). In the last decade, 13 more N4-like roseophages have been isolated from the host genera 

Ruegeria (phages vB_RpoP-V12, V13, V14, V17, V21), Sulfitobacter (phage ϕCB2047-B), 

Roseovarius (phage RLP1), Roseobacter (phages RPP1, RD-1410W1-01, RD-1410Ws-07), 

and Dinoroseobacter (phages vB_DshP-R1, vB_DshP-R2C and DS-1410Ws-06) (Zhan and 

Chen 2019a; Ankrah et al. 2014a; Chan et al. 2014; Ji et al. 2015; Cai et al. 2015; Li et al. 

2016a). The N4-like roseophages show genome sizes similar to E. coli phage N4 (73 to 75 kb) 

and they all possess the N4-like characteristic large virion-encapsidated RNA polymerase gene 

(vRNAP). Based on genomic approaches and with the new viral megataxonomy at hand, the 

N4-like phage group was recently transformed into the new family Schitoviridae (Wittmann et 

al. 2020). “HMO-2011-type phages” describes a podoviral group that was first detected by 

metagenomics studies to be highly abundant in the ocean and named after their first cultivated 

representative Puniceispirillum phage HMO-2011, infecting SAR116 strain IMCC1322 (Kang 

et al. 2013). Nine roseopodophages infecting Roseobacter RCA strains (phages CRP-1, CRP-2 

and CRP-3) and Roseobacter sp. strains (CRP-207, CRP-212, CRP-235, CRP-345, CRP-603 

and CRP-738) belong to this group (Zhang et al. 2019a; Qin et al. 2022). A characteristic feature 

of these viruses is a unique domain architecture of the DNA polymerase gene. Furthermore, 

they have the potential for a lysogenic life cycle, as they possess an integrase gene (Zhang et 

al. 2019a). Six more Roseobacter RCA podophages have been described (phages CRP-4, CRP-

5, CRP-6, CRP-7, CRP-9 and CRP-13), clustering into four separate groups based on genomic 

comparison (Zhang et al. 2019a; Zhai et al. 2021). Moreover, one of the first phage isolates 

from Antarctic sea ice is a roseophage. The podovirus Antarctic DB virus 2 (OANV2) was 

isolated infecting Octadecabacter sp. IceBac430 (Luhtanen et al. 2018). Apart from (strictly) 
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lytic roseopodoviruses, three temperate ones have been described. All of them infect members 

of the Sulfitobacter genus (phages ϕCB2047-A, ϕCB2047-C and NYA-2014a) (Ankrah et al. 

2014b). 

Roseosiphoviruses are even more diverse. Chi-like roseosiphophages (related to phages 

of the Chivirus genus) infect Ruegeria pomeroyi DSS-3 (phages DSS3ϕ1, vB_RpoS-V7, V11, 

V16 and V18) (Zhan et al. 2018; Zhan and Chen 2019a). Phage pCB2051-A, infecting 

Loktanella sp. CB2051, had earlier been described as Chi-like as well. It was recently classified 

in its own genus Broinstvirus in the Casjensviridae family (Tolstoy et al. 2021). Being closely 

related to CbK-like phages (which infect Caulobacter crescentus, a freshwater bacterium), 

phages DSS3ϕ8 and vB_RpoS-V10 infecting Ruegeria pomeroyi DSS-3 and phage MD18 

infecting Phaeobacter inhibens are the roseophages with the largest genomes (about 146 kb) 

described so far (Zhan et al. 2016; Zhan and Chen 2019a; Urtecho et al. 2020). Phages of the 

Xiamenvirus genus infect Roseobacter denitrificans OCh114 (phages RDJLϕ1 and RDJLϕ2) 

and Ruegeria sp. AU67, a bacterial sponge symbiont (phage Tedan) (Zhang and Jiao 2009; 

Huang et al. 2011; Liang et al. 2016; Baum et al. 2021). Paracoccus phage Shpa, isolated from 

the sediment of a soda lake in the East African Rift valley, infects Paracoccus sp. HS3 (van Zyl 

et al. 2016). Another lytic Paracoccus siphophage (vB_RmaS-R3) was isolated from the South 

China Sea (Xu et al. 2015). In addition, a second Octadecabacter phage isolated from the 

Antarctic sea ice, Antarctic DB virus 1 (OANV1), showed a siphoviral morphology (Luhtanen 

et al. 2018). More recently, 26 new phage isolates infecting Rhodobacter capsulatus have been 

described, which all have dsDNA genomes and a siphoviral morphology (Bollivar et al. 2016; 

Rapala et al. 2021). Based on genomic comparisons, these phages form six clusters, separate 

from other known phages. Two of these clusters have been described as the genera Cronusvirus 

and Titanvirus (Rapala et al. 2021). Siphophage vB_Dsh-R4C was isolated infecting 

Dinoroseobacter shibae DFL12 and was shown to be distantly related to the phages of the 

Cronusvirus genus (Cai et al. 2019). Phage vB_DshS-R5C also infects Dinoroseobacter shibae 

DFL12, but so far clusters alone amongst the described roseophages (Yang et al. 2017; Zhan 

and Chen 2019a). It was recently assigned to its own genus Nanhaivirus (Kropinski et al. 2018). 

Roseosiphophages DSS3_VP1 and DSS3_PM1 have been isolated infecting Ruegeria 

pomeroyi DSS-3. They represent their own family Naomiviridae (Rihtman et al. 2021). Their 

DNA has an unusual substitution of deoxythymidine by deoxyuridine. As this substitution 

makes them unavailable for common methods of library preparation for metagenome 

sequencing, an underestimation of their abundance is suspected (Rihtman et al. 2021). Amongst 

the described roseosiphoviruses, the majority is strictly lytic. Only a few of them possess 
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integrase genes indicating lysogenic potential. Exceptions are the prophages of Rhodobacter 

capsulatus (phages RcapMu and RC1), Thiobacimonas profunda JLT2016 (phage vB_ThpS-

P1) and Pelagibaca abyssi JLT2014 (phage vB PeaS-P1) as well as Rhodovulum sp. P5 (phage 

vB_RhkS_P1), which are capable of transposition. These siphoviruses belong to the “Mu-like 

head phage group” as they share homologous head element sequences (Fogg et al. 2011; Lin et 

al. 2016; Tang et al. 2017; Rapala et al. 2021). Furthermore, Decewicz et al. (2019) described 

five temperate phages induced from different Paracoccus strains, one of them being the first 

isolated roseomyovirus (phage vB_PyeM_Pyei1). The others have a siphoviral morphology 

(phages vB_PbeS_Pben1, vB_PkoS_Pkon1, vB_PsuS_Psul1 and vB_PthS_Pthi1). In silico 

search of publicly available Paracoccus genomes has let to identification of 53 more prophages, 

revealing a large diversity of Paracoccus (pro)-phages, distinct from other known phages 

(Decewicz et al. 2019). 

Finally, only two roseophage isolates have ssDNA genomes. The two unclassified 

Microviridae phages vB_RpoMi-Mini and vB_RpoMi-V15 have been isolated from Ruegeria 

pomeroyi DSS-3 and have the smallest genomes (4.2 kb) amongst known ssDNA phages (Zhan 

and Chen 2019b, 2019a). 

In this dissertation, strains of three distinct Roseobacteraceae genera have been used as 

hosts for phage isolation. They will shortly be introduced in the following. Among the 

roseobacters, Lentibacter is a genus relevant in coastal and estuarine waters, where its relative 

abundance can be up to 30% of the bacterial community (Wallace et al. 2018), and has been 

repeatedly isolated from algal blooms in different geographical locations (Li et al. 2012; 

Hahnke et al. 2013). So far, the Lentibacter genus is rather small, with only one described 

species (Lentibacter algarum) and few unclassified strains listed in the NCBI taxonomy 

browser at the time of writing (22.03.2023). Prior to the work described in this dissertation, no 

phage infecting the Lentibacter genus had been described. Members of the Sulfitobacter genus 

are often algae-associated (Ivanova et al. 2004; Fukui et al. 2015; Wang et al. 2021). It was 

shown to be amongst the most abundant genera on the surface of Fucus spiralis and is thought 

to promote algal growth by provision of vitamin B12 and siderophores (Dogs et al. 2017). In 

addition, Sulfitobacter strains associated with the dinoflagellate Alexandrium minutum are also 

known to promote growth of the dinoflagellate (Yang et al. 2021). At the same time, 

sulfitobacters display algicidal effects during harmful algal blooms (Zhang et al. 2020b). The 

genus Sulfitobacter is large, with 27 species and a large number of unclassified strains at the 

time of writing (NCBI taxonomy browser, 18.01.2023). Except this work, currently six 
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Sulfitobacter phages have been isolated from three strains, comprising two N4-like podoviruses 

(phages EE36_P1 and ϕCB2047-B), one lytic siphovirus (phage GT1) and three temperate 

siphoviruses (phages ϕCB2047-A, ϕCB2047-C and NYA-2014a), as mentioned above (Zhao 

et al. 2009; Ankrah et al. 2014a, 2014b; Hwang et al. 2020). Octadecabacter is a diverse genus 

as well, currently comprising eight species and several unclassified strains (NCBI taxonomy 

browser, 18.01.2023). The first representatives Octadecabacter arcticus and Octadecabacter 

antarcticus have been isolated from the sea ice of the Arctic and Antarctic, respectively (Gosink 

et al. 1997). Others were found free-living in seawater or associated to marine red algae 

(Billerbeck et al. 2015; Park et al. 2016; Jin et al. 2023). Furthermore, members of the 

Octadecabacter genus were shown to dominate the subcuticular bacterial community of brittle 

star A. squamata (Morrow et al. 2018). At the moment of writing, only two Octadecabacter 

infecting viruses have been described in literature, so far both described as unclassified 

members of the class Caudoviricetes. These are Octadecabacter Antarctic BD virus 1 

(siphovirus) and Octadecabacter Antarctic BD virus 2 (podovirus), isolated from Antarctic 

sea ice (Luhtanen et al. 2018; Demina et al. 2021).  

1.6. How to investigate phage diversity 

There are two categories of methods to study phage diversity: (i) culture-dependent methods, 

which are based on isolation of phages in pure cultures and (ii) culture-independent methods, 

which are working directly on environmental samples, for example sequencing of phage 

genomes or marker genes. Both types of methods have their advantages. Having pure cultures 

at hand allows an in-depth analysis of specific phage-host systems, e.g., the determination of 

the host range of the specific phage, the burst size, and the temporal course of the infection 

cycle. The virion morphology can be visualized by electron microscopy. Culture-independent 

methods on the other hand investigate only on the molecular level, but allow for a much higher 

throughput and are less biased by laboratory conditions. Quantification of virus numbers by 

flow cytometry or epifluorescence microscopy can help to understand the viral impact on 

bacterial communities (Brussaard 2004; Heinrichs et al. 2020). Viral diversity in environmental 

samples can be captured relatively easy by metagenome sequencing (Gregory et al. 2019) and 

single phage genomes can be obtained directly from the environmental sample without isolation 

(Breitbart et al. 2002). Nevertheless, in such approaches, one very fundamental piece of 

information about the phage is missing and challenging to predict  the corresponding host 

(Roux et al. 2018; Roux et al. 2021). Bioinformatic prediction of the potential host of 
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uncultivated phages can be attempted with programs like HostPhinder (Villarroel et al. 2016), 

using BLAST searches against databases and sequence composition analyses. The predictions, 

however, are dependent on database knowledge and thus severely restricted by the fact that 

bacterial diversity is unevenly represented in those (Coclet and Roux 2021). Furthermore, Dion 

et al. (2020) suggested that, despite the advantages of metagenomics for the investigation of 

viral communities, phage populations with high microdiversity could be overlooked, as closely 

related genomes cannot be differentiated. Even though new approaches as single-virus 

genomics and viral tagging metagenomics have been developed (Deng et al. 2014; Martinez-

Hernandez et al. 2017), the authors point out, that for a comprehensive picture of phage 

communities, culture-independent methods need to be combined with phage isolations and 

culture work (Dion et al. 2020).  

1.7. Aims and outline of this dissertation 

Despite the progress made in recent years in the isolation and description of new roseophages, 

the vast majority of phages infecting roseobacters still needs to be discovered. To date, phages 

for only twelve roseobacter genera have been described in literature, in sharp contrast with the 

more than 130 roseobacter genera. Therefore, the major goal of this thesis was to uncover 

further roseophage diversity. As outlined above, isolation and cultivation of phages is a valuable 

tool, as it lays the foundation for in-depth analysis of the phage´s life style and interaction with 

its host(s). Thus, it was chosen as the main approach for discovery of new roseophage diversity 

in this dissertation. The focus was placed on three environmentally relevant roseobacter genera: 

Lentibacter, Sulfitobacter and Octadecabacter. 

This dissertation is written in a monographic style. Nevertheless, its chapters reflect the division 

into four projects, which are or will be published independently: 

Chapter 2 focuses on the isolation of two novel roseophage species infecting Lentibacter sp. 

SH36, and the delineation of a new viral group, the “cobaviruses”. The phylogenetic 

classification, genomic organization and host range of these viruses were investigated, as well 

as their biogeographical distribution. This work was published in the The ISME journal 

(Bischoff et al. 2019). Chapter 3 contains the further taxonomic classification of the two 

roseophages and the description of the Zobellviridae family, published as an ICTV-accepted 

taxonomic proposal (Bischoff et al. 2020). 
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Chapter 4 describes a large-scale roseophage isolation campaign that resulted in the isolation 

and genome sequencing of 128 new dsDNA roseophages, infecting mainly Sulfitobacter, but 

also Lentibacter and Octadecabacter strains. The chapter focuses on the classification of the 

new phages into seven viral genome clusters and describes their genomic organization and 

characteristics. The corresponding publication to this chapter is in preparation. 

Chapter 5 is dedicated to a subgroup of the above-mentioned new roseophages, the sulfiviruses. 

This is a collection of highly similar phages infecting a group of almost identical Sulfitobacter 

host strains. Phage-host interactions were investigated using host range assays and the results 

are further discussed in the light of phage and host genomic microdiversity.  

At last, in chapter 6, a short excursion into the ssDNA bacteriophage world is undertaken, 

describing the isolation and the characterization of Sulfitobacter phage ICBM5, to which I 

contributed with the laboratory work of determining morphology, host range and host 

phylogeny. This work served as basis for a larger study that has been published in Virus 

Evolution (Zucker, Bischoff et al. 2022). 
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2. Cobaviruses - a new globally distributed phage 

group infecting Rhodobacteraceae in marine 

ecosystems 

This chapter corresponds to an article published in The ISME journal in 2019 (without the 

introduction). Thus, the described and proposed viral taxonomy, also the spelling of viral taxa 

(e.g., in italics or with quotation marks), corresponds to the classification at that time, which is 

now partially invalid. Subsequent changes in the taxonomy of the described viruses are further 

discussed in chapter 3 of this dissertation.  
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2.1. Chapter summary 

Bacteriophages are widely considered to influence bacterial communities, however most 

phages are still unknown or not studied well enough to understand their ecological roles. We 

have isolated two phages infecting Lentibacter sp. SH36, affiliated with the marine Roseobacter 

group, and retrieved similar phage genomes from publicly available metagenomics databases. 

Phylogenetic analysis placed the new phages within the Cobavirus group, in the here newly 

proposed genus Siovirus and subfamily Riovirinae of the Podoviridae. Gene composition and 

presence of direct terminal repeats in cultivated cobaviruses point toward a genome replication 

and packaging strategy similar to the T7 phage. Investigation of the genomes suggests that viral 

lysis of the cell proceeds via the canonical holin-endolysin pathway. Cobaviral hosts include 

members of the genera Lentibacter, Sulfitobacter and Celeribacter of the Roseobacter group 

within the family Rhodobacteraceae (Alphaproteobacteria). Screening more than 5,000 marine 

metagenomes, we found cobaviruses worldwide from temperate to tropical waters, in the 

euphotic zone, mainly in bays and estuaries, but also in the open ocean. The presence of 

cobaviruses in protist metagenomes as well as the phylogenetic neighborhood of cobaviruses 

in glutaredoxin and ribonucleotide reductase trees suggest that cobaviruses could infect bacteria 

associated with phototrophic or grazing protists. With this study, we expand the understanding 

of the phylogeny, classification, genomic organization, biogeography and ecology of this phage 

group infecting marine Rhodobacteraceae. 
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2.2. Materials and methods 

2.2.1. Cultivation media 

Liquid cultures of the bacterial host, Lentibacter sp. SH36, were grown in artificial saltwater 

medium (1x ASW) (24.32 g/l NaCl, 10 g/l MgCl2x6H2O, 1.5 g/l CaCl2x2H2O, 0.66 g/l KCl, 

4 g/l Na2SO4, 2.38 g/l HEPES, 0.6 g/l peptone, 0.3 g/l yeast extract, 84 mM KBr, 40 mM 

H3BO3, 15 mM SrCl2, 40 mM NH4Cl, 4 mM KH2PO4, 7 mM NaF, pH 7.5), which was 

autoclaved and completed before use with 1 ml/l of sterile filtered multi vitamin solution (after 

(Balch et al. 1979)), 0.25 ml/l of sterile filtered trace element solution A (1.5 g FeCl2x4H2O in 

10 ml 25% HCl and 250 ml MilliQ water) and 0.1 ml/l of autoclaved trace element solution B 

(19 mg/l CoCl2x6H2O, 10 mg/l MnCl2x2H2O, 7 mg/l ZnCl2, 3.6 mg/l Na2MoO4x2H2O, 

2.4 mg/l NiCl2x6H2O, 0.6 mg/l H3BO3, 0.2 mg/l CuCl2x2H2O). The solid medium used for 

plaque assays was Marine Broth (MB). This media had the following recipe. 5.0 g/l peptone, 

1.0 g/l yeast extract, 0.1 g/l C6H8FeO7, 12.6 g/l MgCl2x6H2O, 3.24 g/l Na2SO4, 19.45 g/l NaCl, 

2.38 g/l CaCl2x2H2O, 0.55 g/l KCl, 0.16 g/l NaHCO3, 0.01 g/l Na2HPO4x2H2O, 0.008 g/l KBr, 

0.034 g/l SrCl2x6H2O, 0.022 g/l H3BO3, 0.007 g/l Na2SiO3x3H2O, 0.0024 g/l NaF, 0.0016 g/l 

NH4NO3. To prepare MB agar plates, the medium was supplemented with 18 g/l Bacto Agar 

(BD Biosciences) prior to autoclavation. 

2.2.2. Phage enrichments and isolation of ICBM1 and ICBM2 phages 

Surface seawater was collected from multiple stations (53.978 8.059; 53.937 7.806; 53.896 

7.535; 53.840 7.255; 53.793 6.997) in the southern North Sea, during a phytoplankton bloom 

in March 2015, on board of the cruise ship RV Heincke. Further, the seawater from each station 

was filtered on board through 0.7 μm filters, 47 mm in diameter (GTTP filters, Millipore). To 

prevent clogging, the filters were exchanged every 2 liters. The seawater from all stations was 

pooled, transported to the laboratory and stored at 4 °C in the dark.  

Two phage enrichments (S1 and S2), each of 100 ml, were set up by mixing 90 ml of 

freshly filtered (Nalgene rapid-flow, 0.2 μm, PES membrane, Thermo-Scientific) seawater with 

10 ml of 10x ASW (see chapter 2.2.1.) and 2.1 ml of exponentially growing host culture 

Lentibacter sp. SH36 (final OD600 = 0.006). Two controls were prepared in parallel. The first, 

a positive control (PC) for host growth, consisted of 100 ml 1x ASW and 2.1 ml of 

exponentially growing host culture (final OD600 = 0.006). The second, a negative control (NC) 

for growth of seawater bacteria contaminants, which might have passed through the 0.2 μm 
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filter, consisted of 90 ml freshly filtered (0.2 µm) seawater and 10 ml 10x ASW. Bacterial 

growth was monitored by measuring the optical density at 600 nm (Beckmann DU520, USA). 

The cultures were incubated at 20 °C and 100 rpm overnight, until the enrichment cultures 

showed signs of cell lysis. Lysis was indicated by decreasing optical density at 600 nm (OD600) 

in S1 and S2 cultures compared to the positive control and by the presence of cell debris in S1 

and S2. Bacterial cells and their debris were removed from the phage enrichments by a 

centrifugation step (15 min, 4000 x g, 20 °C), followed by 0.2 µm filtration (Rotilabo-syringe 

filters, Carl Roth) of the supernatant. The cell free phage lysates from the S1 and S2 enrichments 

were used to isolate the ICBM1 and ICBM2 phages, respectively, by plaque assays and single 

plaque picking.  

To obtain single plaques, serial dilutions (100, 10-1, etc.) were prepared from the phage 

fractions by mixing with ASW base (see chapter 2.2.1.). 100 µl of phage dilution were mixed 

with 280 µl of exponentially growing host culture (OD600 = 0.2-0.3) and incubated for 15 min 

on ice. Afterwards, the mixture was transferred to 3 ml MB-soft agar (0.6% low melting point 

Biozym Plaque GeneticPure agarose, Biozym, kept warm at 37 °C), mixed by brief vortexing 

and poured onto the bottom MB agar layer (1.8 % agar). After drying of the top layer, the plates 

were incubated for three days at 20 °C. For isolation, when phage plaques were observed as 

clearing zones within the grown bacterial lawn, they were picked with sterile Pasteur pipettes 

and incubated overnight in 500 µl ASW base at 4 °C. After subsequent centrifugation (10 min, 

10000 x g, 4 °C), the supernatant was used for a next round of plaque assays. This procedure 

of plaque assay, picking of plaques and re-plating was repeated three times to ensure purity of 

the newly isolated phages. The ICBM1 and ICBM2 phages were stored either as phage lysate 

at +4 °C or as glycerol stock of free phages or infected cells at -80 °C (for details, see chapter 

2.2.3.). 

To determine the host range, 94 strains (Table S1) covering the phylogenetic diversity of 

Rhodobacteraceae were challenged with ICBM1 and ICBM2 phages, at three different 

temperatures (15, 20, and 28 °C), using first the spot assay technique and then the plaque assay 

technique for confirmation of positive results. For the spot assay, serial dilutions (100, 10-1, etc.) 

were prepared from the phage fractions by mixing with ASW base. 280 µl of exponentially 

growing host culture (OD600 =  0.2 - 0.3) were mixed with 3 ml MB-soft agar (kept warm at 

37 °C) and poured onto the bottom MB agar layer. After drying of the top layer, 10 µl of each 

phage fraction dilution were pipetted on top as droplets. The plates were incubated at 20 °C and 

regularly checked for plaque formation. 
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2.2.3. Preparation of phage ICBM1 and ICBM2 glycerol stocks 

In two Erlenmeyer flasks, 20 ml 1x ASW medium (see chapter 2.2.1.) was inoculated with an 

exponentially growing Lentibacter sp. SH36 culture (final OD600 = 0.006). One culture was 

infected with 300 µl of the phage ICBM1 lysate, the other was not infected and regarded as 

control. Both cultures were incubated at 20 °C and 100 rpm overnight, until bacterial lysis in 

the infected culture was indicated by low OD600 (compared with the control culture) and 

disrupted cell particles. The phage fraction was obtained by removing cells and debris by 

centrifugation (15 min, 4000 x g, 20 °C), followed by 0.22 µm filtration of the supernatant. The 

phage fraction was stored at +4 °C. For long term storage, two types of glycerol stocks were 

prepared: i) stock of free phage particles (1 part phage fraction and 1 part MB media with 50% 

glycerol) and ii) stock of infected host cells (1 part infected cells  375 µl phage fraction added 

to 375 µl host culture, 15 min on ice for absorption  and 1 part MB media with 50% glycerol). 

2.2.4. ICBM1 and ICBM2 phage high titer lysates 

To obtain a high amount of ICBM1 and ICBM2 phage biomass for transmission electron 

microscopy (TEM) and genome sequencing, two subsequent infection cultures of Lentibacter 

sp. SH36 with phage ICBM1 or ICBM2 were performed. For the first round of infection, 

1x ASW was inoculated with exponentially growing Lentibacter sp. SH36 to a final OD600 of 

0.006 and with phage ICBM1 or ICBM2 stock. After an overnight incubation at 20 °C and 

shaking at 100 rpm, lysis was observed, indicated by a decrease in the OD600 (in comparison 

with the control, non-infected culture) and cellular debris. The remaining cells and cell debris 

were removed by centrifugation (15 min, 4000 x g, 20 °C) and 0.22 µm filtration. For the 

second round of infection, a highly concentrated phage-host mixture was obtained by pelleting 

an exponentially growing culture of Lentibacter sp. SH36 and re-suspending the cell pellet in 

the phage fraction from the first infection culture. After the phage-host mixture was incubated 

on ice for 15 min to facilitate phage absorption, an equal volume of 2x ASW was added to it 

and the infection culture incubated overnight at 20 °C and 100 rpm. After lysis, the phage 

fraction was obtained by centrifugation (15 min, 4000 x g, 20 °C) and 0.22 µm filtration to 

remove remaining cells and cell debris. 

2.2.5. Transmission electron microscopy 

ICBM1 and ICBM2 phage lysates were further concentrated for TEM by polyethylene glycol 

(PEG) precipitation and purified by cesium chloride gradient ultracentrifugation. 150 ml phage 

fraction resulting from two subsequent infections (see above) were incubated for 2 h at 4 °C 
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with PEG (final concentration 10%) and NaCl (final concentration 0.6 mM). After 

centrifugation for 2 h at 7197 x g and 4 °C, the supernatant was discarded and the pellet 

resuspended in 500 µl SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl pH 7.4) in 

total. For resuspension of the phages, 30 min incubation at 4 °C followed. PEG was removed 

by mixing with an equal volume of 100% chloroform, shaking for 5 min and incubation on ice 

for 5 min. After centrifugation (10 min, 3000 x g, 4 °C), the upper layer was collected. 

For purification by ultracentrifugation, a density gradient was set up in UltraClearTM 

centrifuge tubes from cesium chloride solutions with different densities (from bottom up): 

1.5 ml of 1.65 g/ml, 2 ml of 1.5 g/ml, 2 ml of 1.4 g/ml, 1 ml of 1.2 g/ml. The PEG concentrated 

phage fraction was transferred on top. Ultracentrifugation was run for 4 h at 20 °C and 

25000 rpm (Beckman, SW 41 Ti). Afterwards, the visible band corresponding to the phages 

was collected with syringe and needle through the sidewall of the ultracentrifuge tube (~500 μl). 

Removal of cesium chloride was done by dialysis with Slide-A-Lyzer® G2 Dialysis Cassettes 

10 K MWCO (ThermoScientific) against ASW base for 21 h with buffer exchange after 3 h and 

18 h. 

Two staining procedures were performed for each phage prior to transmission electron 

microscopy (TEM): (1) ammonium molybdate staining and (2) uranyl acetate staining. 30 μl of 

phage ICBM1 or ICBM2 concentrate were pipetted on top of a carbon coated grid 

(Formvar 162, 200 mesh) and phages were allowed to absorb for 3 min, followed by staining 

with 30 μl uranylacetate (2%) or ammonium molybdate (2%) for 45 sec and gentle removal of 

the liquid with filter paper. After air drying for 15 min, the grids were visualized with the 

transmission electron microscope Zeiss EM902A. Images were documented with the Proscan 

High Speed SSCCD camera and analyzed using the software ImageSP viewer (Version 

1.2.5.16). Phages negatively stained by uranyl acetate were used for capsid size measurements. 

2.2.6. Isolation and purification of phage DNA for sequencing 

Phage isolates – extraction of DNA from virions 

Phage DNA was extracted from cell free phage lysates obtained by infecting Lentibacter sp. 

SH36 with ICBM1 or ICBM2. Phages were concentrated from the phage lysates by 

precipitation with polyethylene glycol. For this purpose, 4 x 25 ml phage lysate prepared as 

above (with one exception: to avoid phage loss, cells and debris were removed only by 

centrifugation, and not by filtration) were mixed with 50% PEG (final concentration 10%) and 

5 M sodium chloride (final concentration 0.6 M) and incubated for 2 h at 4 °C. After 
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centrifugation (2 h, 7197 x g, 10 °C) the phage pellets were resuspended in 500 μl SM buffer 

(100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl pH 7.4) each.  

Extracellular DNA was removed by incubating the phage concentrates with 0.04 units/μl 

of Turbo DNase (Invitrogen, Ambion) for 30 min at 37 °C, followed by enzyme inactivation 

by incubating for 10 min at 75 °C with 15 mM EDTA. Further, the phage DNA was extracted 

using the ChargeSwitch gDNA Mini Bacteria Kit (ThermoFisher Scientific), according to the 

instructions manual, including the with the RNase digestion, but with the exception of no 

lysosyme in the first step. The DNA was finally eluted in 1 ml elution buffer. The concentration 

and quality of the obtained DNA was checked fluorometrically with Qubit 2.0 and the Qubit® 

dsDNA HS Assay, spectrophotometrically with Nanodrop 2000 spectrophotometer and visually 

by regular gel electrophoresis (0.7% agarose gel, 50 V, SYBR Gold staining). 

Phage enrichments – extraction of DNA from the intracellular phage fraction 

To extract the intracellular phage fraction from the phage enrichment, when lysis was 

observed, the cells from the enrichments and the positive control were retrieved by 

centrifugation (15 min, 4000 x g, 20 °C). The cell pellets were embedded in agarose plugs by 

mixing with SeaKem Gold Agarose for PFGE, Lonza Rockland Inc. (final concentration 0.8%), 

distributing the mixture into 100 μl molds and allowing it to solidify for 30 min at 4 °C. Plugs 

were collected in a 50 ml Falcon tube and incubated overnight at 50 °C in 2 ml ESP buffer (1% 

N-laurylsarcosine, 1 mg/ml proteinase K, 0.5 M EDTA pH 9.0). Afterwards, the ESP was 

discarded, the plugs were washed three times with TE buffer (10 mM Tris-HCl pH 8.0, 2 mM 

EDTA pH 9.0) and stored in TE buffer at 4 °C until further use. The DNA from the agarose 

plugs was separated during agarose gel electrophoresis (1% SeaPlaque GTG Agarose, Lonza 

Rockland Inc., TAE buffer - 40 mM Tris-acetate, 1 mM EDTA, pH 8.3, migration 2 h at 60 V). 

Afterwards, the gel was cut into two halves. One half was stained with Ethidium bromide bath 

(1 μg/ml, 30 min) and documented with BioDocAnalyze system (Biometra). The distance from 

the loading pocket to the phage DNA band was measured and used to localize the phage DNA 

band in the unstained half and to cut it out from the gel. The agarose pieces were stored 

overnight in TE buffer (10 mM Tris-HCl pH 8.0, 5 mM EDTA pH 9.0), followed by agarose 

digestion with 1 unit of β-agarase (New England Biolabs Inc.), according to the manufacturer’s 

protocol. Undigested agarose was removed by centrifugation for 10 min at 20000 x g. The 

obtained supernatants were concentrated to 100 μl each using 100 kDa Amicon Ultra 

centrifugal filters (0.5 ml volume, Merck Millipore) and then stored at -20 °C. Afterwards, an 

additional purification step was performed using the ChargeSwitch gDNA Mini Bacteria Kit 

(ThermoFisher Scientific) for DNA extraction. This was done according to the kit manual 



Cobaviruses 

32 

 

(including the RNase digestion, but without lysozyme) and the DNA was finally eluted in 

100 μl elution buffer. Concentration and quality of the obtained DNA were checked with Qubit 

2.0 fluorometer, Nanodrop 2000 spectrophotometer and by regular gel electrophoresis (0.7% 

agarose gel, 50 V, Ethidium bromide staining). 

2.2.7. Genome sequencing and assembly 

The ICBM1 phage and the S2 enrichment were sequenced using both Illumina (paired-end 

technology 2 × 300 bp) and PacBio technologies. The ICBM2 phage and the S1 enrichment 

were sequenced only by Illumina. The Illumina and the PacBio assemblies were performed 

separately and they resulted in identical phage genomes (Table S2). Error free assembly of the 

PacBio samples was possible due to the high coverage obtained (>4000 x). The phage genomes 

are available in the NCBI GenBank database under the following accession numbers: 

MF431617 (ICBM1), MF431616 (ICBM2) and MF431615 (ICBM3, assembled from the S2 

phage enrichment).  

Illumina genome sequencing 

The extracted DNA from the ICBM1 and ICBM2 phages and the phage enrichments was 

used to generate Illumina NexteraXT shotgun paired-end sequencing libraries, which were 

sequenced with a MiSeq instrument and the MiSeq reagent kit version 3, as recommended by 

the manufacturer (Illumina, San Diego, CA, USA). For quality-filtering, Trimmomatic version 

0.35 (Bolger et al. 2014) or Bbduk from the BBTools package (BBTools; 

https://jgi.doe.gov/data-and-tools/bbtools/) were used. The assembly was performed with the 

SPAdes genome assembler software version 3.9.0 (Bankevich et al. 2012) and the read coverage 

of the whole assembly determined with QualiMap version 2.1 (García-Alcalde et al. 2012). In 

addition, the read mapping of enrichments reads on individual phage genomes was done 

BBMap from BBTools package. 

PacBio library preparation, sequencing and assembly 

SMRTbell template library was prepared according to the instructions from Pacific 

Biosciences, Menlo Park, CA, USA, following the Procedure & Checklist Greater than 10 kb 

Template Preparation and Sequencing. Briefly, for preparation of 10kb libraries ~4 μg of each 

phage DNA was sheared using a Covaris S220, Woburn, MA, USA according to the 

manufacturer´s instructions. DNA was end-repaired and ligated overnight to barcoded 

SMRTbell adapters applying components from the DNA/Polymerase Binding Kit P6 from 

Pacific Biosciences (Menlo Park, CA, USA). Reactions were carried out according to the 
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instructions of the manufacturer. One part VB-1 SMRTbell template was combined with 2.5 

parts Ex53-3 SMRTbell template. BluePippin Size-Selection to greater than 4 kb was 

performed according to the manufacturer´s instructions (Sage Science, Beverly, MA, USA). 

Conditions for annealing of sequencing primers and binding of polymerase to purified 

SMRTbell template were assessed with the Calculator in RS Remote, PacificBiosciences, 

Menlo Park, CA, USA. SMRT sequencing was carried out on the PacBio RSII 

(PacificBiosciences, Menlo Park, CA, USA) taking one 240-minutes movie for one SMRT cell. 

Long read genome assemblies of all three phages have been performed using the HGAP4 

Whitelisting protocol (https://github.com/PacificBiosciences/Bioinformatics-

Training/wiki/HGAP-Whitelisting-Tutorial) within SMRTPipe 2.3.0 applying a genome size 

of 100kb and a minimum subread length of 1 kb after demultiplexing using the RS_Subreads.1 

protocol contained within SMRT Portal 2.3.0. 

2.2.8. Retrieval of phage genomes related to ICBM1 and ICBM2 

The following datasets were queried for sequences related to ICBM1 and ICBM2: (i) the Tara 

Ocean Viromes (Brum et al. 2015), (ii) the Earth Virome (Paez-Espino et al. 2016), (iii) the 

Global Ocean Virome (Roux et al. 2016), (iv) the IMG/VR (Paez-Espino et al. 2017) and (v) 

the Environmental Viral Genomes (Nishimura et al. 2017a). The Tara Oceans Viromes 

(assembled DNA contigs and predicted proteins) and Global Ocean Virome datasets were 

downloaded from the iVirus (Bolduc et al. (2017b), http://ivirus.us/) using the CyVerse 

platform and its Discovery Environment (Merchant et al. (2016), https://de.cyverse.org/de/). 

The Earth Virome dataset (assembled DNA contigs) was downloaded from 

http://portal.nersc.gov/dna/microbial/prokpubs/EarthVirome_DP/. The downloaded datasets 

were imported in Geneious 9.1.5, transformed in BLAST databases and queried by 

megaBLAST (e-value 1e−5), using the ICBM1 and ICBM2 genomes and by BLASTp (e-value 

1e−5) using the portal and terminase proteins of the ICBM1, ICBM2, SIO1 (only the terminase 

protein was used) and P12053L phages. The IMG-VR viral sequence database was queried by 

BLASTn (e-value 1e−5) webservice offered at https://img.jgi.doe.gov/cgi-bin/vr/main.cgi, 

using the ICBM1 and ICBM2 genomes. The proteins retrieved by Blastp were added to the 

databases of terminase or portal proteins from known phages, followed by multiple alignment 

with Muscle and calculation of phylogenetic trees with FastTree v 2.1.5 (Price et al. 2010). 

Further, the proteins in the vicinity of ICBM1, ICBM2, SIO1 and P12053L were selected, and 

their corresponding contigs retrieved. These contigs were pooled with all those retrieved by 



Cobaviruses 

34 

 

nucleotide Blast. All contigs smaller than 34 kbps (~85% of the ICBM1 genome length) were 

considered incomplete and removed. 

2.2.9. Genome-based phylogeny and classification 

To reconstruct the whole genome-based phage phylogenetic tree, a set of genomes comprising 

all podoviral genomes recognized by the International Committee of Taxonomy of Viruses 

(ICTV) was supplemented with the cobavirus-related genomes retrieved from the different 

public sequence datasets (see above). For consistency, open reading frames (ORFs) for the 

complete set of genomes were detected using MetaGeneAnnotator (Noguchi et al. 2008), which 

was implemented in the VirSorter program (Roux et al. 2015). Using the Virus Classification 

and Tree Building Online Resource (VICTOR (Meier-Kolthoff and Göker 2017), available at 

https://victor.dsmz.de), all pairwise phage comparisons of the amino acid sequences were 

conducted via the underlying Genome-BLAST Distance Phylogeny (GBDP) method (Meier-

Kolthoff et al. 2013) under settings recommended for prokaryotic viruses (Meier-Kolthoff and 

Göker 2017). The resulting intergenomic distances (including 100 replicates each) were used 

to infer a balanced minimum evolution tree with branch support via FASTME including SPR 

postprocessing (Lefort et al. 2015) for each of the formulas d0, d4, and d6. The trees were 

rooted at the midpoint (Farris 1972) and visualized with iTOL (Letunic and Bork 2016). Taxon 

boundaries at the species, genus, subfamily and family level were estimated with the OPTSIL 

program (Göker et al. 2009) using the recommended clustering thresholds (Meier-Kolthoff et 

al. 2013) and an F value (fraction of links required for cluster fusion) of 0.5 (Meier-Kolthoff et 

al. 2014). 

2.2.10. Genome annotation and protein clustering 

All  phage  genomes  compared  in  this  study,  including  the  already  published  ones,  were  re-

annotated using the same procedure to eliminate differences resulted from different annotation 

pipelines.  Initially,  ORFs  were  detected  using  MetaGeneAnnotator  (Noguchi  et  al.  2008) 

implemented in VirSorter (Roux et al. 2015). Proteins were then annotated by comparing them 

with  several  databases  and  manually  deciding  the  final  annotations.  The  NR  database 

(http://ncbi.nlm.nih.gov/)  was  queried  using  Protein-Protein  BLAST  2.6.0+,  the  InterPro 

database v66.0 (Finn et al. 2017) was queried using Inter-ProScan 5.27-66.0 tool (Jones et al. 

2014), and the prokaryotic viruses orthologous groups database (Grazziotin et al. 2017) was 

queried using hmmscan command from HMMER 3.1b2 package (Eddy 2011). The proteins 

were clustered by first performing an all against all BlastP, with an e-value threshold of 1e−5 
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and a bitscore threshold of 50, and the results were inputted into the mcl program, with the 

parameters “-I 2 --abc”. The online tool tRNAscan-SE v. 2.0 (Lowe and Chan (2016), 

http://lowelab.ucsc.edu/tRNAscan-SE/index.html) was used for tRNA prediction. Rho-

independent terminators were predicted with ARNold http://rna.igmors.u-

psud.fr/toolbox/arnold/index.php. Only the terminators with deltaG higher than 10.5 were 

considered. Details of genome features, protein clusters and DNA sequences for all cobaviruses 

identified are listed in SI file S2-2 and S2-3. The comparative genome map was generated using 

the genoPlotR package (Guy et al. 2010) from the R programming environment 

(https://www.rproject.org/). 

2.2.11. Phylogenetic analyses of single proteins 

Phylogenetic trees were constructed for the terminase protein, to gain insights about the genome 

ends. Phylogenetic analysis of spanin, glutaredoxin and cobalamin dependent ribonucleotide 

reductase (RNR) proteins was conducted to find insights about the hosts of the environmental 

cobaviruses and their habitat. Proteins were aligned with Muscle, and then phylogenetic trees 

were constructed using the FastTree v 2.1.5 program (Price et al. 2010) integrated as a plugin 

in Geneious v 9.1.5 (Kearse et al. (2012), http://www.geneious.com), using default parameters. 

Phylogenetic trees were visualized using FigTree v1.4.3. (Rambaut (2006), available at 

http://tree.bio.ed.ac.uk/software/figtree/). 

2.2.12. Phylogenetic analysis of the host rRNA 

The 16 S rRNA gene phylogenetic tree was constructed using the ARB software package 

(Ludwig et al. (2004), www.arb-home.de/ version arb-6.0.2). Sequences of the type material 

(>1,300 bp) were used for the backbone-tree using the neighbor joining method with 1500 

replicates. Shorter sequences used in this study were added afterwards by parsimony interactive 

without using a filter. 

2.2.13. Biogeographic distribution of cobaviruses and read mapping 

Metagenomic data sets, download and preprocessing 

The unassembled datasets used for read mapping were downloaded from the European 

Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena). A complete list of datasets used is given 

in SI file S2-4. The Tara Ocean survey datasets have been cleaned before their deposition at 

ENA (Alberti et al. 2017), and thus, we used them as such for read mapping. We cleaned the 

remaining datasets using BBDuk from the BBTools package (BBTools 
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(https://jgi.doe.gov/data-and-tools/bbtools/), as follows: (i) reads corresponding to the 

Enterobacteria phage phiX174 were filtered out; (ii) sequences of Illumina adapters and 

primers as provided in the BBTools package were removed (ktrim = r k = 21 rcomp = t 

mink = 11 hdist = 1 tpe tbo); (iii) low quality (quality value lower than 20) nucleotides from 

both read ends were removed and reads with low average quality (<20) or short length (<30 

bases) were also removed (qtrim = rl trimq = 20 ftm = 5 maq = 20 minlen = 30). Quality control 

of the cleaned samples was performed on a subset of random samples, using FastaQC. The 

metadata associated with the metagenomes were retrieved from the NCBI site, BioSamples 

databases. In specific cases, if metadata were missing, we received them by direct contact with 

the principle investigators for the respective projects. 

Read mapping 

BBMap from the BBTools package was used to map the reads from the unassembled datasets 

to the cobaviral genomes. The output was sent to Samtools View and then to Samtools Sort to 

produce a sorted bam file. A phage was considered to be present in a particular sample when at 

least 75% of its genome was covered by reads with at least 90% identity, as previously 

determined (Roux et al. 2017). The relative abundance of a phage genome in a sample was 

calculated by the following formula: “number of bases at ≥90% identity aligning to the genome 

/ genome size in bases / library size in gigabases (Gb)”. All code used for read mapping and 

data analysis are available in SI files S2-7a-d. 

2.3. Results and discussion 

2.3.1. Isolation and host range of two Lentibacter sp. SH36 viruses 

Two strictly lytic bacteriophages, Lentibacter virus vB_Len-P_ICBM1 (ICBM1) and 

Lentibacter virus vB_LenP_ICBM2 (ICBM2) were isolated to pure cultures from phage 

enrichments S1 and S2, respectively (Fig. 6a). The phage source in the enrichments was surface 

seawater collected during a March 2015 algal bloom in the southern North Sea. The host was 

Lentibacter sp. SH36, which was isolated from a seawater sample taken on 12 May 2007 in the 

southern North Sea during a phytoplankton bloom (Hahnke et al. 2013). ICBM1 and ICBM2 

phages negatively stained with uranyl acetate had isometric capsids with hexagonal cross-

sections of 58.7 ± 3.7 nm (sample size = 100 phages) and 59.2 ± 2.8 nm (sample size = 100 

phages), respectively, and short tails (Fig. 6b). Assessment on 94 Rhodobacteraceae strains 

https://jgi.doe.gov/data-and-tools/bbtools/
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(Table S1) showed that ICBM1 and ICBM2 have a narrow host range, infecting only 

Lentibacter sp. SH36. 

 

Fig. 6: a. Enrichment of phages specific for Lentibacter sp. SH36 from North Sea water. The experimental setup consists of: 

(i) Phage enrichments (blue lines) – logarithmic phase cells added to nutrient amended, 0.2 μm filtered seawater, (ii) Positive 

control for cell growth (green line) – logarithmic phase cells added to artificial seawater and (iii) Negative control (orange line) 

– only nutrient amended, 0.2 μm filtered seawater, no cells added. In the S1 and S2 enrichments the decrease in OD at 18 h is 

most likely due to phage cell lysis. No growth was detected in the negative control. b. Transmission electron micrograph of 

molybdenum stained, cell debris bound Lentibacter virus vB_LenP_ICBM1 and uranyl acetate stained, free Lentibacter virus 

vB_LenP_ICBM2. Scale bar: 100 nm. c. Agarose gel electrophoresis of cellular DNA from i) Lentibacter sp. SH36 phage 

infected cells, S2 enrichment (lane 1, blue arrow) and ii) not infected cells, positive control for cell growth (lane 2, green arrow). 

Blue circle: intracellular phage DNA. Lane 3: 1 kbp Plus DNA Ladder. 

2.3.2. Sequencing the phage isolates and enrichments 

To gain insights into the diversity of the phage enrichments, we sequenced both the purified 

phages (ICBM1 and ICBM2) and the intracellular phage fraction of the enrichments (Fig. 6c, 

Table S2). From the S2 enrichment two complete phage genomes were assembled, that of 

ICBM2 and of a third phage. The latter had 99.6% sequence similarity at nucleotide level with 

ICBM1 (under VICTOR formula d0 see SI file S2-6) and was named Lentibacter virus 

vB_LenP_ICBM3 (ICBM3). Both ICBM1 and ICBM3 have been assembled twice, once from 

Illumina and once from PacBio reads, with identical results (Table S2). Therefore, differences 

between them were real and not due to sequencing errors. According to the VICTOR (Meier-

Kolthoff and Göker 2017) results, ICBM1 and ICBM3 formed a species cluster, whereas 

ICBM2 represented a distinct species (see section below and Fig. 7).  

From the S1 enrichment we retrieved an ICBM3-like genome (99.9% identical with 

ICBM3, differences potentially due to sequencing errors, see Fig. S1 and S2). Read mapping 

with a cutoff of 100% read identity showed that both ICBM1 and ICBM3 were present in S1 

(Table 1, Fig. S2). The presence of both ICBM1 and ICBM3 phages in the S1 enrichment is 

strengthened by the isolation of ICBM1 from this enrichment and it indicates microdiversity. 



Cobaviruses 

38 

 

Microdiversity in phage enrichments have been previously reported (Villamor et al. 2018) and 

it potentially reflects the situation in the original seawater.  

Using a 95% read identity cutoff for mapping, all reads in the enrichments recruited either 

to the ICBM1/ICBM3 or to the ICBM2 genomes (Table 1). This indicates that, without 

considering microdiversity, most likely no other phage was present and our isolation efforts 

retrieved the complete phage diversity in the enrichments at the species level. 

2.3.3. Retrieval of similar phage genomes and phylogenetic positioning 

Cultivated and environmental phage genomes similar to ICBM1 and ICBM2 were found in 

public sequence data sets. The related cultivated phages were P12053L infecting Celeribacter 

marinus IMCC12053, SIO1 infecting Roseobacter sp. SIO67 and four other SIO1 related 

strains, infecting Roseobacter sp. SIO67 and Roseobacter sp. GAI-101 (Angly et al. 2009). The 

last four phages had incomplete genomes, with several regions of uncertainty (long N stretches). 

Therefore, they were included in the phylogenetic analysis as draft genomes, but excluded from 

further genomic analysis. From the environmental genomes, only those bigger than 35 kbp were 

considered for further analysis. One of these circularized due to terminal redundancies, 

indicating genome completeness - EnvX (40752 bp), and five of them were incomplete, but 

close in size to the complete genomes and contiguous - Env9 (41607 bp), EnvY (36003 bp), 

EnvZ (35824 bp), Env8 (38447 bp) and Env14 (35006 bp). EnvX, EnvY, EnvZ, Env8 and Env9 

were retrieved from IMG/VR /Earth Virome datasets. Env14 was retrieved from the GOV 

dataset (see Table 2).  

The VICTOR method (Meier-Kolthoff and Göker 2017) for phage phylogeny and 

classification was used because it is universal and allows for an informed decision on the 

evolutionary relationships between prokaryotic viruses. The method was thoroughly optimized 

against a large reference dataset of genome-sequenced taxa recognized by the International 

Committee on Taxonomy of Viruses (ICTV) and showed a high agreement with the 

classification, particularly at the species and genus level.  

The genome-based VICTOR (Meier-Kolthoff and Göker 2017) phylogeny combined 

with taxon boundaries prediction based on OPTISIL (Göker et al. 2009) showed that the 

Lentibacter sp. SH36 phages (ICBM1, ICBM2 and ICBM3), together with SIO1, P12053L and 

some of the environmental genomes formed a highly supported genus level clade (Fig. 7). This 

proposed genus was tentatively named here as Siovirus (from the SIO1 phage) (Fig. 7). Most 

of the sioviruses had a class II, cobalamin dependent RNR and were placed within one cluster, 
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which we called the Cobavirus (cobalamin-dependent) group. Two of the environmental 

sioviruses had a class I RNR and formed a separate clade. RNRs are used to convert host 

ribonucleotides in deoxyribonucleotides necessary for phage replication. Because the RNR 

class is predictive of the phage habitat (Sakowski et al. 2014) and class II RNRs point toward 

an association with phototrophic protists, we focused further on the Cobavirus group, which 

included all cultivated and part of the environmental sioviruses (Fig. 7).  

In agreement with previous findings for the SIO1 and P12053L phages (Hardies et al. 

2016), the cobaviruses clustered within the RIO-1 subgroup (Fig. 7). The OPTISIL based taxon 

boundaries reported by VICTOR (Meier-Kolthoff and Göker 2017) suggested that the RIO-1 

subgroup forms a maximally supported group, which we propose to define as a new subfamily 

in the Podoviridae, and tentatively named here Riovirinae (from the RIO-1 phage).  

We have excluded the ICBM3 phage from further analysis, due to its high similarity with 

ICBM1 (Fig. 7 and S6) and the phages SIO1_2001, OS, MB, SBRSIO67, because their 

genomes contained several regions of sequence uncertainty (long stretches of Ns). 

 

 

 



Cobaviruses 

40 

 T
a
b

le
 1

: 
A

b
u

n
d

an
ce

 o
f 

co
b

av
ir

u
se

s 
in

 t
h

e 
S

1
 a

n
d

 S
2

 p
h

ag
e
 e

n
ri

ch
m

en
ts

. 
*
A

b
u

n
d

an
ce

 e
x
p

re
ss

ed
 i

n
 %

 f
ro

m
 t

o
ta

l 
b

as
es

. 

E
n

ri
c
h

m
e
n

ts
 

IC
B

M
1
 

IC
B

M
2
 

IC
B

M
3
 

N
am

e
 

M
b

p
s 

9
5

%
 r

ea
d

 i
d

en
ti

ty
 

1
0

0
%

 r
ea

d
 i

d
en

ti
ty

 
9

5
%

 r
ea

d
 i

d
en

ti
ty

 
1

0
0

%
 r

ea
d

 i
d

en
ti

ty
 

9
5

%
 r

ea
d

 i
d

en
ti

ty
 

1
0

0
%

 r
ea

d
 i

d
en

ti
ty

 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
*
 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
 

%
 g

en
o

m
e 

co
v
er

ed
 

A
b

u
n

d
an

ce
 

S
1
 

2
3

2
.2

 
1

0
0
.0

 
9

5
.3

 
1

0
0
.0

 
5

4
.1

 
5

.3
 

n
.d

. 
0

.0
 

0
.0

 
1

0
0
.0

 
9

7
.5

 
1

0
0
.0

 
6

6
.7

 

S
2
 

4
7

2
.6

 
1

0
0
.0

 
5

6
.2

 
9

6
.8

 
2

6
.9

 
1

0
0
.0

 
3

9
.7

 
1

0
0
.0

 
2

8
.1

 
1

0
0
.0

 
5

8
.9

 
1

0
0
.0

 
4

1
.4

 

  T
a
b

le
 2

: 
E

n
v
ir

o
n

m
en

ta
l 

co
b

av
ir

u
se

s,
 r

et
ri

ev
al

 f
ro

m
 d

at
ab

as
es

. 

G
en

o
m

e
 

D
a
ta

se
ts

 

(m
et

a
)g

e
n

o
m

e 

a
cc

e
ss

io
n

 i
n

 I
M

G
/V

R
 /

 

G
O

V
 d

a
ta

se
ts

 

C
o
n

ti
g

 n
a

m
e 

in
 

IM
G

/V
R

 /
 G

O
V

 

d
a
ta

se
ts

. 

N
C

B
I 

B
io

P
ro

je
ct

 
N

C
B

I 
B

io
S

a
m

p
le

 
N

C
B

I 
R

u
n

 
C

o
o
r
d

in
a
te

s 
L

o
ca

ti
o
n

 

E
n

v
X

 
IM

G
/V

R
 

3
3

0
0

0
0

3
2

6
3
 

JG
I2

6
1

1
7

J4
6

5
8

8
_

1
0

0
0

0
0

6
 

P
R

JN
A

3
6

6
9

7
4
 

S
A

M
N

0
6

2
6
7

8
8

9
 

S
R

R
5

2
6

8
5

4
9
 

3
6

.2
5

 N
 1

2
2

.2
0
9

9
 W

 
M

o
n

te
re

y
 B

ay
 

E
n

v
Y

 
IM

G
/V

R
 

3
3

0
0

0
0

3
2

6
4
 

JG
I2

6
1

1
9

J4
6

5
8

9
_

1
0

0
0

0
2

0
 

P
R

JN
A

3
6

6
9

7
6
 

S
A

M
N

0
6

2
6
7

8
9

1
 

S
R

R
5

2
6

8
6

6
7
 

3
6

.2
5

 N
 1

2
2

.2
0
9

9
 W

 
M

o
n

te
re

y
 B

ay
 

E
n

v
Z

 
IM

G
/V

R
 

3
3

0
0

0
0

6
6

3
7
 

G
a0

0
7

5
4
6

1
_

1
0

0
0

0
0

1
5

 
P

R
JN

A
3

7
5
6

1
1
 

S
A

M
N

0
6

3
4
3

9
1

3
 

S
R

R
5

6
0

0
3

1
7
 

3
9

.2
8
3

 N
 7

5
.3

6
3

3
 W

 
D

el
aw

ar
e 

B
ay

 

E
n

v
8
 

IM
G

/V
R

 
3

3
0
0

0
0

0
1

1
7
 

D
el

M
O

W
in

2
0

1
0

_
c1

0
0
0

0
1

5
5
 

P
R

JN
A

3
3

6
8

7
3
 

S
A

M
N

0
5

5
1
8

5
8

5
 

m
is

si
n

g
 

3
9

.0
0
4

2
8

1
6

 N
 

7
7

.1
0
1

2
1

7
3

 W
 

D
el

aw
ar

e 
C

o
as

t 

E
n

v
9
 

IM
G

/V
R

 
3

3
0
0

0
0

2
4

8
3
 

JG
I2

5
1

3
2

J3
5

2
7

4
_

1
0

0
0

0
2

5
 

P
R

JN
A

3
6

6
0

5
9
 

S
A

M
N

0
6

2
6
8

3
3

0
 

S
R

R
5

2
5

1
7

0
0
 

1
8

.9
2
0

0
 N

 1
0

4
.8

9
0

0
 

W
 

P
ac

if
ic

 C
o

as
t 

o
f 

M
ex

ic
o

 

E
n

v
1

4
 

G
O

V
 

1
2

4
_

M
IX

 
T

p
1

_
1
2

4
_

D
C

M
_
0

_
0

d
2

_
sc

af
fo

ld
2

1
1
7

_
1
 

P
R

JE
B

4
4
1

9
 

T
A

R
A

_
R

1
0

0
0
0

0
7

0
0
 

E
R

R
5

9
9

3
6

7
 

-9
.0

7
1
4

 N
 

-1
4
0

.5
9

7
3

 E
 

M
ar

q
u

es
as

 

Is
la

n
d

s 

  



Cobaviruses 

41 

 

 

Fig. 7: Phylogenetic positioning of the Lentibacter sp. SH36 viruses and their relatives within the Podoviridae. The whole-

genome-based phylogeny was inferred using the Genome-BLAST Distance Phylogeny method implemented in the VICTOR 

web service, using the amino acid data. Internal branch labels represent pseudo bootstrap support values if larger than 50%. 

The proposed subfamily Riovirinae, the proposed genus Siovirus and the Cobavirus group (sioviruses with cobalamin-

dependent RNR) are annotated at the right-hand side. Further information regarding the affiliation of phages to ICTV taxa and 

OPTSIL clusters as well as G + C content and genome sizes is described within the figure legend (circled numbers). “Viruses 

annotated as “Unassigned” in legend “Genus (ICTV)” have been assigned to both an ICTV species and family but not to a 

genus level, whereas “NA” refers to viruses which have not been recognized as a taxon by the ICTV. The affiliation of one or 

more viruses to a distinct species, genus, subfamily or family cluster is indicated by a specific symbol of same shape and color. 
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2.3.4. Genomic organization 

Genome termini 

Within the proposed subfamily Riovirinae, the genome ends of the VpV262 and RIO-1 phages 

have been characterized and consist of direct terminal repeats (DTRs) (Hardies et al. 2003; 

Hardies et al. 2013). The SIO1 phage was reported to have inverted repeats (Rohwer et al. 

2000), and no information was available for P12053L. We used coverage information and read 

structure from genome sequencing to determine the termini of the ICBM1, ICBM2 and ICBM3 

phages. With Illumina 194 sequencing, a sharp drop in coverage was noticed for ICBM1 and 

ICBM2 genomes, which could indicate linear, non-circularly permuted genomes, with cohesive 

ends (Merrill et al. 2016), (Fig. S3). On the other hand, for both genomes, we noticed a region 

of low coverage and high G+C content (Fig. S3). The low coverage could be due to the library 

preparation with the NexteraXT kit, which is known to have low performance at the genome 

ends (Illumina 2015). Furthermore, the high G+C content could contribute to the drop in 

coverage (Aird et al. 2011). To elucidate the genome ends, we turned to PacBio single molecule 

real time (SMRT) sequencing, because native DNA is used and thus, no PCR bias is observed. 

Furthermore, much longer read lengths can be retrieved, which facilitates assembly, especially 

important for mixed samples, for example the phage enrichments. Thus, the artificial 

redundancies produced by the assembler at the end of the three phage contigs were larger, 

having a size of ~5 kb, which is equal to the mean subread length achieved with our PacBio 

sequencing approach (Fig. S4). In all three phage genomes, short DTRs of 159 - 173 bp were 

easily recognized as spikes in coverage (Fig. S4a). To delineate the final genome structure of 

the three phages, artificial redundancies were removed and the phage genome was adjusted to 

their direct terminal repeats (Fig. S4c). The exact genome start and stop positions were derived 

from long read mappings by a detailed inspection of the respective regions in Integrative 

Genome Viewer (Robinson et al. 2011) (Fig. S5). The sharp drop in coverage in the Illumina 

assemblies corresponded to a GC rich region of the DTRs (Fig. S3), and thus, explained the 

apparent discrepancy between the Illumina and PacBio read coverage data. 

We further investigated the ends of the other cobaviral genomes. The ends of SIO1 were 

originally determined after whole genome sequencing through a combination of shotgun 

cloning and Sanger technology. Inverted repeats (251 to 637 bases) detected at the ends were 

presumed to be involved in replication (Rohwer et al. 2000). Our own analysis indicated that 

the ends were most likely placed incorrectly, probably due to low read coverage. Several facts 

supported our conclusion. First, in phylogenetic trees for the terminase gene, the phages 

ICBM1, ICBM3 and SIO1 grouped closely (Fig. S7), indicating that they likely have similar 
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genome packaging strategies (Merrill et al. 2016). Second, re-sequencing of the SIO1 genome 

did not retrieve the complete region of the inverted repeats (Angly et al. 2009). This was initially 

attributed to difficulties in PCR amplification of the repeats. On the other hand, the lack of 

retrieval can also suggest misassembly of the original genome sequence in this region. Third, 

from the three inverted repeats, none were placed at the exact ends of the genome and two of 

the inversions were located at the same end (Fig. S8). Inverted terminal repeats at the genome 

ends are found in viruses which replicate by a protein-primed mechanism, where they are 

positioned at the exact ends of the genomes (Escarmis et al. 1985; Savilahti and Bamford 1993). 

Hence, it is unlikely that the three inverted repeats of the SIO1 phage have a role in replication. 

Fourth, in its original order the SIO1 genome shows an ORF free region exactly in between two 

gene modules (Fig. S8), a region which shares high sequence similarity (~80% identity) with 

the DTRs from ICBM1 and ICBM3 phages (Fig. S9). An inspection of podovirus genomes 

from public databases revealed that related phages can have DTRs with a nucleotide identity 

within the 70 - 100% range (Table S5). Therefore, we used the DTRs from ICBM1 to find the 

genome termini and rearrange the gene order accordingly, not only for the SIO1 phage, but also 

for the P12053L and environmental cobaviruses. A search with the ICBM1 DTR in the SIO1 

genome revealed the presence of a similar region (80% nucleotide identity) at position 

8716 - 8891. Based on this approach, base 8716 from the original SIO1 genome became base 1 

in the reordered genome, with the left side being concatenated at the end of the right side, and 

the ICBM1 phage DTR homologous region being added also at the right end (Fig. S5). Similar 

regions were found in all four SIO1-related phages isolated by Angly et al. (2009), having 90% 

to 99% nucleotide identity with the SIO1 DTR. Likewise, a search with the ICBM1 DTR in the 

P12053L genome found a similar region (~94% identity) at position 244 - 415. Therefore, the 

genome was rearranged in a similar way to SIO1, with base 244 becoming base 1. No gene 

rearrangement was necessary in this case. The DTR sequence was determined by homology to 

ICBM1 DTR and added at the right end of the genome, as well. For two of the environmental 

genomes (EnvX and Env9) we determined the genome start by finding regions with high 

identity with the left region of the ICBM2 DTR (>70% over 49 nt, see Fig. S9). However, the 

complete sequence of the DTRs could not be established, because of the low similarity over the 

remaining alignment (~50% identity). Env9 was not circular, but because we established the 

start at position 3404, we plotted the position 1 - 3403 at the end of the genome in figure 8. The 

remaining environmental genomes showed no regions of similarity with the ICBM1 or ICBM2 

phage DTRs, presumably due to their incompleteness. The phylogenetic positioning both in the 
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GBPD and terminase trees strongly support the presence of DTRs at the genome termini for all 

the environmental genomes. 

Our results show that the cultivated cobaviruses have DTRs. The presence of DTRs 

indicate that cultivated cobaviruses, similar to the T7 phage, most likely use long concatemeric 

DNA molecules as intermediates in replication and packaging, concatemers formed by the 

annealing of 3′ single strands resulted at the DTR level during replication (Serwer 2005; 

Kulczyk and Richardson 2016). The 5′ ends of all cobaviral DTRs have a conserved, G+C rich 

region (Fig. S9), underlining a potentially more important role of this region in genome 

circularization or replication, for example as enzyme binding site. The phylogenetic positioning 

in the GBDP-based VICTOR tree (Fig. 7) as well as in the terminase tree (Fig. S7) suggests 

that the environmental cobaviruses also have DTRs and thus potentially the same DNA 

replication strategy. 

Gene composition and modular organization 

ICBM1 and ICBM2 phages had linear genomes of ~40 kb, a G + C content of ~47% (Table S3) 

and 58 and 55 ORFs, respectively. More than half of the ORFs coded for hypothetical proteins. 

No tRNAs were found. The genes were organized in two genomic arms, with opposite 

transcriptional directions and separated by a bidirectional, rhoindependent transcriptional 

terminator (Fig. 8, Table S4). We found protein-encoding genes for replication and nucleotide 

metabolism on the left arm: two nucleases, a DNA polymerase, a dual primase/helicase, a 

cobalamin dependent RNR, a glutaredoxin, a ThyX thymidylate synthase (ThyX), a guanosine 

3′, 5′-bispyrophosphate (ppGpp) hydrolase (MazG) and a P-loop containing nucleoside 

triphosphate hydrolase (PhoH) (Leduc et al. 2004; Clokie and Mann 2006; Gross et al. 2006; 

Dwivedi et al. 2013; Sengupta and Holmgren 2014; Smet et al. 2016). On the right genomic 

arm, we found genes for lysis and virion structure and morphology. Both phages had spanins, 

which were easy to recognize due to their specific architecture. At the N terminus the spanins 

had a lipoprotein domain for binding to the outer membrane. At the C terminus they had a 

transmembrane domain for binding to the inner membrane (Summer et al. 2007a). For 

endolysins, ICBM1 had a lysozyme-like protein and ICBM2 had an N-acetylmuramoyl-L-

alanine amidase. The lysis genes were followed by genes for the internal virion proteins (IVP) 

B and D, a Gcn5-related N-acetyltransferase (GNAT), the tubular proteins A and B, a major 

capsid protein, a scaffolding protein, a portal protein, a large terminase subunit, two tail fibers 

and three tail assembly chaperone proteins (see Fig. 8). With the exception of the endolysins, 

all other genes have been previously annotated in SIO1 or P12053L phages (Rohwer et al. 2000; 

Summer et al. 2007a; Angly et al. 2009; Kang et al. 2012; Hardies et al. 2016). A previous 
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study (Hurwitz et al. 2013) annotated the gene for the pc40 protein from SIO1 as a long-chain 

fatty acid transporter (FadL) and thus listed it as AMG. However, our BlastP and InterProScan 

searches identified pc40 as a Gcn5-related N-acetyltransferases (GNAT). Based on the GNAT 

domain, pc40 could correspond to gp13 from T7, which is also positioned next to the internal 

virion proteins and has been suggested to play a role in virion morphogenesis (Kemp et al. 

2005).  

Within the Cobavirus group, the genetic composition and synteny was mostly conserved 

(see Fig. 8). All genomes were organized in two arms, with genes for replication and nucleotide 

metabolism on the left and lysis and virion structure and morphogenesis on the right. This 

genomic organization was not previously reported for the SIO1 and P12053L phages, but it 

became evident once the genomes were rearranged according to the DTR positions (see section 

above). Furthermore, it appears in other members of the proposed Riovirinae subfamily, 

although the contained modules can vary (Seed et al. 2011; Hardies et al. 2013). Most 

cobaviruses had a bidirectional, rho-independent transcriptional terminator in between the two 

genomic arms, indicating a likely transcriptional separation (see Fig. 8). This type of terminator 

was shown to be functional in vitro for the Pf-WMP3 phage (Liu et al. 2017).  

Most of the genes with a functional annotation in ICBM1 and ICBM2 phage were also 

found in all other cobaviruses, with the exception of glutaredoxin, ThyX and PhoH, which were 

not found in some of the environmental cobaviruses (see Fig. 8). The endolysins were found in 

all cobaviruses, with the exception of EnvX and EnvY. They were free of membrane anchoring 

domains, indicating that cell lysis most likely proceeds via the canonical holin-endolysin 

pathway (Young 2013; Young 2014). The endolysins were diverse both in sequence and 

enzymatic function, encoding either lysozyme-like domains, or N-acetylmuramoyl-L-alanine 

amidase or peptidase domains. The spanin was found in all cultured cobaviruses, and only in 

two of the environmental genomes, Env9 and Env8. In the vicinity of the spanin and endolysins 

genes we found several genes encoding one or two transmembrane domains, representing 

potential holins and antiholins (see Fig. 8).  

In agreement with cobavirus phylogenetic positioning and virion morphology revealed 

by TEM (Fig. 6b), the genes present in the virion structure and morphogenesis module most 

likely indicated a podoviral, T7-like virion structure (Hu et al. 2013; Cuervo et al. 2013; Guo 

et al. 2014). A conserved genetic composition and synteny characterized the genomic region 

between the lysis module and the terminase gene (Fig. 8). The genomic region between the 

terminase and the 3′ end of the genome was variable both in gene count and composition and it 
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encoded the proteins required for tail fibers, fiber connectors or tail assembly proteins. Most 

proteins were unique to a single phage or shared by a few. Some proteins (pc53, pc56, pc311) 

were similar to tail fibers or fiber connectors from myoviruses or siphoviruses, as noticed for 

other phages in the RIO-1 subgroup (Hardies et al. 2016). For example, pc53 resembled the 

short tail fiber protein from the T4 phage, a myovirus (Leiman et al. 2010). The pc56 protein 

was similar with the L-shaped tail fiber protein from the T5 phage and the T5-like siphoviruses 

DT57C and DT571/2 (Golomidova et al. 2016). Therefore, the tail fibers of the cobaviruses 

likely depart from the simplicity of T7-like fibers, which are formed from a single protein 

(gp17) directly connected to the tubular protein A. 

 

Fig. 8: Genome map of cultured and environmental cobaviruses. The genomes are centered in the bidirectional rho-independent 

terminator. With the exception of EnvX and Env9, all other environmental genomes are incomplete, with sequence information 

missing at the two ends of the genomes (the host interaction and tail fibers modules). Blue numbers indicate protein clusters 

with functional annotation. 
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2.3.5. Cobaviral hosts 

The Cobavirus group contained both cultivated phages, with known hosts, and environmental 

phages, with unknown hosts. To have an up to date phylogeny of the hosts of cultivated 

cobaviruses, we built a 16 S rRNA gene-based tree (Fig. S10). Our results showed that 

Roseobacter sp. SI067 belongs to the Lentibacter genus (>99% nucleotide identity with the 

type species) and Roseobacter sp. GAI-101 to the Sulfitobacter genus (>98% nucleotide 

identity). Therefore, hosts of cultivated cobaviruses comprise members of the Lentibacter, 

Sulfitobacter and Celeribacter genera, within the Rhodobacteraceae family.  

Furthermore, we searched for clues linking the environmental cobaviruses to potential 

hosts. A search in the CRISPR spacer database from IMG/VR returned no results, and no 

tRNAs where found within the cobavirus genomes. We found, however, three lines of evidence 

that point to environmental cobaviruses infecting members of the Rhodobacteraceae family. 

First, cobaviruses clustered into one genus, with nine out of 15 representatives known to infect 

Rhodobacteraceae members. According to Meier-Kolthoff and Göker (Meier-Kolthoff and 

Göker 2017), phage genera usually infect hosts within the same family. Second, all cobaviruses 

had a cobalamin-dependent RNR gene, encoding an enzyme used to reroute host resources 

toward phage replication. These phages need to infect bacteria able to synthesize cobalamin, 

and this ability is widespread within marine Rhodobacteraceae (Sañudo-Wilhelmy et al. 2014). 

Genes involved in vitamin B12 synthesis are present in the two publicly available genomes 

from the cobaviral hosts. Additionally, in phylogenetic trees the RNRs from environmental 

cobaviruses clustered closely with ICBM2 (Fig. 9), whose host is Lentibacter sp. SH36. Third, 

all cultivated and two environmental cobaviruses (Env8 and Env9) had a spanin gene 

characteristic for roseophages. BLAST searches in the NR database from NCBI with the 

cobaviral spanins returned hits only from roseophages or members of Rhodobacteraceae, with 

the exception of one E. coli phage hit, which had very low similarity (Fig. 9a). This is not 

surprising, considering that spanins have little sequence homology to each other and Summer 

et al. (Summer et al. 2007a) found no homolog for the SIO1 spanin. Using prophage prediction 

(PHASTER, Arndt et al. (2016)), we determined that the spanins from Rhodobacteraceae 

genomes were present in putative prophage regions (Table S6). Therefore, phages infecting 

Rhodobacteraceae have similar spanins, another evidence that Env8 and Env9 most likely 

infect Rhodobacteraceae. 
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Fig. 9: Phylogenetic analysis of the spanin (a), glutaredoxin (b) and ribonucleotide reductase (c–e) genes from cobaviruses. 

The evolutionary history was inferred using the approximately-maximumlikelihood method implemented in FastTree 2.1.5. 

The node labels represent Fast Tree support values. The tree is drawn to scale, with branch lengths measured in number of 

amino acid substitutions per site. Association of the bacteria to eukaryotic organisms is indicated by stars. Location of the 

spanin, glutaredoxin or RNR genes in prophage regions, predicted with PHASTER (Arndt et al. 2016), is indicated by arrows 

and further detailed in the appendix (Tables S6, S11 and S12). 
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2.3.6. Environmental distribution of the cobaviruses 

Cobaviruses have been isolated from three distinct coastal locations in the Northern 

Hemisphere: SIO1 from the American coast of the Pacific Ocean (Scripps Pier, California) 

(Rohwer et al. 2000; Angly et al. 2009), P12053L from the Yellow Sea, South Korea (Kang et 

al. 2012) and ICBM1 and ICBM2 from the North Sea, Germany (this study). Sequences related 

to the SIO1 and P12053L phages were previously reported in predominantly coastal viromes 

from the North Pacific USA coast (Scripps Pier, British Columbia), the Gulf of Mexico, the 

Arctic Ocean, the North Atlantic (Chesapeake Bay and Sargasso Sea) and the Yellow Sea 

(Goseong Bay) (Breitbart et al. 2002; Bench et al. 2007; Angly et al. 2009; Hwang et al. 2016; 

Hwang et al. 2017). To further assess the environmental distribution, we queried for the 

presence of cobaviruses in more than 5,000 publicly available marine metagenomes, by 

mapping unassembled reads to cobaviral genomes. The queried metagenomes covered a wide 

range of marine environments, from coastal to open oceans, and from water column, to benthic, 

sediment and animal associated samples. All metagenomes from the Tara Ocean Expeditions 

(Alberti et al. 2017) were included in the dataset, as well as the viromes from Malaspina 

expeditions (Duarte 2015), along other marine datasets available in ENA in November 2017 

(see SI file S2-4 for a complete list of all datasets used). We found cobaviruses in bonafide 

viromes and in metagenomes from cellular fractions, mostly in the prokaryotic range, but also 

in the small protist range (Fig. 10 and SI file S2-5). The presence of cobaviruses in cellular 

fractions could be explained by i) active infections at the time of sample collection, or ii) free 

phage particles retained on the large pore size filters by unspecific binding to the filter 

membrane or cell debris. A third explanation, the integration of cobaviruses in bacterial 

genomes as prophages, is unlikely, because, firstly, no cobaviral genes with functional 

annotations indicated a temperate life style. Secondly, although in phylogenetic trees using 

spanin cobaviruses were placed close to prophage regions from roseobacter genomes (Fig. 9a, 

Table S6), in whole genome trees cobaviruses were distant from these prophages (Fig. S11).  

Cobaviruses were detected in the euphotic water column, mainly close to coastal areas 

but also in the open ocean of the Pacific, Atlantic and Indian Oceans, as well as in the North 

Sea, theMediterranean, the Adriatic, the Red Sea, the Arabian Sea, the Yellow Sea, the Salish 

Sea and in several estuaries (see Fig. 10a for an overview and SI file S2-5 for the list of 

coordinates). These waters span temperate to tropical regions. Hot spots for cobaviruses were 

in bays or estuaries, with several cobaviruses being detected in these locations, for example the 

Goseong Bay, Delaware Estuary and Chesapeake Bay (Fig. 10b, Table 3). This is consistent 

with a 16 S rRNA based survey, which retrieved known cobaviral hosts mainly from coastal 
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areas (Fig. S12, Tables S4-10). Generally, abundance of cobaviruses was low. However, it 

increased markedly in the Port of Los Angeles samples (Fig. 10b, SI file S2-5), where 

roseophage SIO1, its related phages, and their respective host have been isolated (Angly et al. 

2009).  

Specific cobavirus strains are cosmopolitan, as revealed by the finding of specific 

genomes across distant geographical locations. For example, the ICBM1 and ICBM2 phages 

have been isolated from the North Sea, but similar phages have been found by read mapping in 

metagenomes from the Australian Coast (ICBM1), and from the Goseong Bay, Yellow Sea and 

the Port of Los Angeles (ICBM2, Fig. 10). Similarly, environmental cobaviruses have been 

found by read mapping not only in the metagenomes from which they were originally 

assembled (Fig. 10a, Table 2), but also in many other locations (Fig. 10b). The biogeographic 

distribution of the cobaviruses could be explained by passive transport by oceanic currents and 

local selection by environmental factors shaping host communities, as proposed for marine 

viruses by Brum et al. (2015). In addition, considering that many positive locations for 

cobaviruses are also harbor areas, ship ballast water could contribute to virus transport across 

the oceans, in line with the findings by Kim et al. (2016).  

A few of the metagenomes positive for cobaviruses were part of sampling time series, 

allowing us to catch a glimpse of the cobaviral seasonality (see Table 3). In the North Sea, in 

metagenomic samples focused on spring/early summer algal blooms (Teeling et al. 2016), EnvZ 

and Env9 were present in successive years, mostly post-bloom, but also before and during the 

blooms. In Goseong Bay (Hwang et al. 2017) and Delaware Estuary, cobaviruses where present 

in early spring, late summer, fall and winter. This suggests that cobaviruses persist throughout 

the years in coastal environments.  
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Fig. 10: Global distribution of cobaviruses (a) and their abundance (average contig coverage per Gb metagenome) in 

metagenomics samples from marine environments (b). a (i) main map – each location were cobaviruses were found by read 

mapping in this study is labeled with a number, from 1 to 68; (ii) inset upper right corner – locations of all metagenomes 

searched in this study. Locations superimposed on an ocean chlorophyll concentration map (Aqua MODIS mission, 2010 

annual composite, https://oceancolor. gsfc.nasa.gov/cgi/l3 – NASA Goddard Space Flight Center, Ocean Biology Processing 

Group, 2014). 
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Table 3: Seasonal occurrence of cobaviruses in different locations. *n.d. = not determined. 

Location Phage Year Date (day.month) Bloom situation 

Helgoland EnvZ 2010 11.05 post bloom 

18.05 post bloom 

2011 28.04 in between blooms 

2012 05.04 post bloom 

24.05 post bloom 

31.05 post bloom 

07.06 post bloom 

Env9 2012 08.03 pre bloom 

2014 20.06 n.d.*  

Goseong Bay SIO1 2014 10.03 n.d. 

06.12 n.d. 

VB2 2014 10.03 n.d. 

EnvX 2014 10.03 n.d. 

06.12 n.d. 

EnvY 2014 10.03 n.d. 

06.12 n.d. 

EnvZ 2014 10.03 n.d. 

06.12 n.d. 

Env9 2014 10.03 n.d. 

08.09 n.d. 

20.09 n.d. 

06.12 n.d. 

Env14 2014 10.03 n.d. 

Delaware Estuary station 36 EnvZ 2015 11.04 n.d. 

station 37 EnvZ 2015 13.04 n.d. 

Env8 

station 38 EnvX 2015 11.04 n.d. 

EnvY 

EnvZ 

Env9 

station 39 EnvX 2015 15.04 n.d. 

EnvY 

EnvZ 

Env9 

station 40 EnvZ 2015 17.08 n.d. 

Chesapeake Bay station 33 EnvZ 2014 01.11 n.d. 

03.11 n.d. 

Env9 2014 22.03 n.d. 

spring n.d. 

03.11 n.d. 

station 34 EnvZ 2014 30.08 n.d. 

station 35 EnvZ 2014 22.03 n.d. 

02.11 n.d. 

03.11 n.d. 

Env9 2014 22.03 n.d. 

03.11 n.d. 

 

2.3.7. Protists as habitat for the cobaviral hosts 

We used the search for cobaviruses in microbial metagenomes (see section above), as well as 

glutaredoxin and RNR trees, to find indications regarding the habitat of the cobaviral hosts. 

Cobavirus genomes were present in several metagenomes from the protist size fractions 

(Fig. 10b, SI file S2-5), suggesting that cobaviruses infect protist-associated bacteria. Most 

often cobaviruses were present in the 0.8 - 5 μm fraction, which could arguably be 

contaminated with free-living bacteria, but also in the >3 μm fraction (SI file S2-5), which 

makes it more likely that the bacterial cells present there were attached to or consumed by 
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protists. The small protist size fraction is dominated by Alveolata, including dinoflagellates, 

followed by Rhizaria and Stramenopila (Vargas et al. 2015), thus consisting of phagotrophic, 

parasitic and phototrophic species. Previous research (Sakowski et al. 2014) proposed that class 

II RNR-containing phages are infecting vitamin B12-producing bacteria associated with 

phototrophic protists. This was based on the phylogenetic positioning of phage class II RNRs, 

including that of SIO1, next to chloroviruses (viruses of the single cell green alga Chlorella) 

and microalgae, and on the cobalamin requirement by the RNR. Other studies showed that 

marine Rhodobacteraceae can be associated with protists (Green et al. 2010; Guannel et al. 

2011; Fiebig et al. 2013; Chen et al. 2014), including close relatives of the cobaviral hosts 

(Tables S7 and S8). 

In our own analysis, the phylogenetic neighborhood of the cobaviral glutaredoxin and 

RNR (Fig. 9) points toward a relationship of the cobaviral hosts not only with phototrophic 

protists, but also with phagotrophic/mixotrophic protists, as detailed further. Interactions with 

phagotrophs/mixotrophs, especially amoeba, but also paramecium and dinoflagellates, are a 

recurring theme in the RNR and glutaredoxin trees (Fig. 9). For example, several organisms 

found in the vicinity of cobaviruses in both glutaredoxin and RNR trees are resistant to amoeba 

(Pagnier et al. 2008; Delafont et al. 2013; Pagnier et al. 2015; Paquet and Charette 2016) and, 

most significantly, the Chlamydiae are well known endosymbionts or lytic parasites of amoebae 

(Taylor-Brown et al. 2015). Even the chloroviruses point towards amoeba or paramecium 

interactions, because they infect only Chlorella strains that form endosymbioses with amoebae 

or paramecium (Hoshina et al. 2010; Quispe et al. 2017). Amoebae themselves have a 

functional cobalamin-dependent RNR (Crona et al. 2013) (Fig. 9a) and therefore, they need 

partners such as the cobaviral hosts, able to synthesize vitamin B12. Many dinoflagellates are 

mixotrophic or heterotrophic, being able to ingest diverse prey, including bacteria (Jeong et al. 

2010), and their dependence on external sources of vitamin B12 has been documented 

previously (Tang et al. 2010; Wagner-Döbler et al. 2010; Cruz-López and Maske 2016). Taking 

all this into consideration, we propose that at least some of the cobaviral hosts are frequently 

interacting with phagotrophic/mixotrophic protists, beyond just being grazed upon. It is 

possible that the cobaviral hosts, associated or not with phototrophic algae, have developed 

mechanisms to escape digestion in food vacuoles of predatory protists, in a similar way to 

amoebae-resistant bacteria (Pagnier et al. 2008; Schmitz-Esser et al. 2008; Bertelli and Greub 

2012; Pagnier et al. 2015; Schulz et al. 2015; Paquet and Charette 2016). 

In their interactions with phototrophic and mixotrophic protists, marine 

Rhodobacteraceae form both mutualistic and pathogenic relationships, the latter resulting in 
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protist lysis (Wang et al. 2014; Segev et al. 2016). Therefore, by exerting control on their host 

populations, cobaviruses could have roles in biogeochemical cycling that go beyond the release 

of bacterial cellular components. They could indirectly affect both marine phytoplankton 

growth, and thus carbon fixation, and its lysis, and thus release of the fixed organic matter in 

the environment. Future studies are necessary to understand the roles that cobaviruses play in 

the environment and their impact on roseobacter populations. 

2.3.8. Conclusions  

This study significantly extends our knowledge of phages infecting organisms of the 

Roseobacter group, a key player in the cycling of organic matter in marine ecosystems. Using 

an approach that combines phage isolation with database mining for environmental phage 

genomes we have delineated the new Cobavirus group. Our biogeography survey included 

marine metagenomes from the viral, prokaryotic and protist fractions and is to date one of the 

largest surveys applied for a specific phage group. Cobaviruses impact Roseobacter populations 

at a global scale, from temperate to tropical marine waters, especially in coastal areas, and thus 

could have an influence on the biogeochemical cycling in these environments. 
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3. Taxonomic proposal of the Zobellviridae family 

When the study described in the previous chapter 2 was published in The ISME journal in 2019, 

the newly proposed viral taxa needed to be submitted to the International Committee on 

Taxonomy of Viruses (ICTV) to be officially recognized. Meanwhile, the ICTV had announced 

that the families Podoviridae, Siphoviridae and Myoviridae would soon be dissolved, because 

they had been shown to be polyphyletic (Adriaenssens et al. 2021). Thus, the subfamily 

“Riovirinae”, described in the ISME publication and chapter 2 of this thesis, was officially 

recognized as the new family Zobellviridae in the order Caudovirales (which was later 

dissolved as well). The following chapter corresponds to the taxonomic proposal of the 

Zobellviridae family (Bischoff et al. 2020). Again, the spelling of viral taxa (e.g., in italics or 

with quotation marks), corresponds to the classification at the time of publishing and might now 

be partially invalid. For a tabular overview of the newly proposed taxonomy, see Table 5, 

submitted with the proposal. 
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3.1. Short description 

One (1) new family (Zobellviridae) including one (1) new subfamily (Cobavirinae), eight (8) 

new genera (Siovirus, Veravirus, Melvirus, Paundecimvirus, Citrovirus, Salinovirus, Vipivirus, 

and Icepovirus) and nine (9) new species will be created in the order Caudovirales. 

3.2. Abstract 

We propose here a new family of the order Caudovirales, called Zobellviridae. As members of 

Zobellviridae we propose one new subfamily, called Cobavirinae, several new genera and 

several species, most of which are new. We propose that the Cobavirinae subfamily comprises 

the genera Siovirus and Veravirus. The genus Siovirus comprises the species Lentibacter virus 

ICBM1, Celeribacter virus P12053L and Roseobacter virus SIO1. The genus Veravirus has 

only one species, Lentibacter virus ICBM2. The other genera we propose to belong to 

Zobellviridae, but do not assign to any subfamily are: i) Melvirus, with two species, 

Pseudoalteromonas virus HP1 and Pseudoalteromonas virus RIO1, ii) Paundecimvirus, with 

the species Pseudomonas virus PA11, iii) Citrovirus, with the species Citrobacter virus CVT22, 

iv) Salinovirus, with the species Salinivibrio virus CW02, v) Vipivirus, with the species Vibrio 

virus VpV262, and vi) Icepovirus, with the species Vibrio virus ICP2. From the above species, 

all are newly proposed here, with the exception of Roseobacter virus SIO1 and Vibrio virus 

VpV262. All species have cultured representatives. 

3.3. Text of proposal 

This taxonomic proposal is based on phylogenetic calculations performed by Bischoff et al. 

(2019) and additional calculations of the intergenomic similarities at nucleotide level. Shortly, 

the isolation of two new phages, Lentibacter virus vB LenP ICBM1 (ICBM1) and Lentibacter 

virus vB LenP ICBM2 (ICBM2), and the enrichment of a third, Lentibacter virus vB LenP 

ICBM3 (ICBM3), all infecting Lentibacter sp. SH36, has led to the recruitment of related 

phages from publicly available databases. Then, two type of phylogenetic trees were 

constructed: i) a whole genome phylogenetic tree, based on protein sequences (see Fig. 11) and 

ii) a single protein tree, based on the terminase protein (see Fig. 12). 
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For genome-based phylogenetic analysis, Bischoff et al. (2019) have built a dataset 

containing all ICTV-recognized genomes of podoviruses, ICBM1 and ICBM2 phages and their 

relatives retrieved by similarity searches in publicly available sequence databases. Pairwise 

phage comparisons of the amino acid sequences were performed with the Virus Classification 

and Tree Building Online Resource (VICTOR) (Meier-Kolthoff and Göker 2017) using the 

Genome-BLAST Distance Phylogeny (GBDP) (Meier-Kolthoff et al. 2013) method with 

settings recommended for prokaryotic viruses (Meier-Kolthoff and Göker 2017). Intergenomic 

distances were calculated with 100 replicates each. A balanced minimum evolution tree with 

branch support was constructed using FASTME including SPR postprocessing (Lefort et al. 

2015) for the d6 formula. The trees were rooted at the midpoint (Farris 1972) and visualized 

with iTOL (Letunic and Bork 2016).  

Taxon boundaries at the species, genus, subfamily and family level were estimated with 

the OPTSIL program (Göker et al. 2009) using the recommended clustering thresholds (Meier-

Kolthoff and Göker 2017) and an F value (fraction of links required for cluster fusion) of 0.5 

(Meier-Kolthoff et al. 2014). The distance thresholds used by VICTOR (Meier-Kolthoff and 

Göker 2017) for species, genus and subfamily demarcation can be found in Table 4 of this 

proposal. These thresholds have been shown to yield the highest agreement with the ICTV 2014 

classification regarding the investigated taxonomic ranks (Meier-Kolthoff and Göker 2017). 

The respective thresholds for the analysis of amino acid datasets at the species, genus and 

subfamily level are 0.118980, 0.749680 and 0.888940, respectively. These distance thresholds 

were applied to matrices of accurate intergenomic distances calculated using the Genome 

BLAST Distance Phylogeny (GBDP) approach (Meier-Kolthoff et al. 2013) under settings 

optimized for the comparison of phage genomes (Meier-Kolthoff and Göker 2017). 

In addition, for this proposal we used VIRIDIC (viridic.icbm.de, Moraru et al. (2020)) to 

calculate nucleotide based intergenomic similarities (Fig. 13). VIRIDIC first calculated all 

possible pairwise alignments based on BLASTN. For one genome pair, the number of identical 

nucleotide matches reported by BLASTN were summed up for all aligned genomic regions. In 

the case of overlapping alignments, the overlapping parts were removed from one of the aligned 

regions, such that, at the end, the different genome regions were represented only once in the 

alignments. The intergenomic similarity were then calculated based on a formula previously 

proposed by Meier-Kolthoff and Göker (2017). 
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𝑠𝑖𝑚𝐴𝐵 = ((𝑖𝑑𝐴𝐵 + 𝑖𝑑𝐵𝐴) ∗ 100)/(𝑙𝐴 + 𝑙𝐵), 

where 

𝑖𝑑𝐴𝐵 =  𝑖𝑑𝑒𝑛𝑡𝑖𝑐𝑎𝑙 𝑏𝑎𝑠𝑒𝑠 𝑤ℎ𝑒𝑛 𝑔𝑒𝑛𝑜𝑚𝑒 𝐴 𝑖𝑠 𝑎𝑙𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑔𝑒𝑛𝑜𝑚𝑒 𝐵 

𝑖𝑑𝐵𝐴 =  𝑖𝑑𝑒𝑛𝑡𝑖𝑐𝑎𝑙 𝑏𝑎𝑠𝑒𝑠 𝑤ℎ𝑒𝑛 𝑔𝑒𝑛𝑜𝑚𝑒 𝐵 𝑖𝑠 𝑎𝑙𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑔𝑒𝑛𝑜𝑚𝑒 𝐴 

𝑙𝐴 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑔𝑒𝑛𝑜𝑚𝑒 𝐴 

𝑙𝐵 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑔𝑒𝑛𝑜𝑚𝑒 𝐵 

𝑠𝑖𝑚𝐴𝐵 =  𝑖𝑛𝑡𝑒𝑟𝑔𝑒𝑛𝑜𝑚𝑖𝑐 𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑔𝑒𝑛𝑜𝑚𝑒𝑠 𝐴 𝑎𝑛𝑑 𝐵 

 

3.3.1. Zobellviridae family 

In the whole genome tree (Fig. 11) prepared in Bischoff et al. (2019), ICBM1, ICBM2 and 

ICBM3 phages were placed in a maximally supported clade together with the RIO-1 phage and 

several other phages, in agreement with previous findings (Hardies et al. 2016). This clade is 

referred here as the RIO clade. Phages in the Autographiviridae family (formerly 

Autographivirinae subfamily) were placed in a closely related clade, of similar ranking to RIO 

clade. A third clade of similar rank was formed by the two Phormidium phages (see Fig. 11). 

VICTOR based taxon boundaries (see Table 4 for criteria used for taxonomic delineation) 

suggested that each of the three clades form subfamilies on their own (see Fig. 11). Therefore, 

Bischoff et al. (2019) suggested to give the RIO clade the rank of subfamily and to name it 

Riovirinae, a subfamily of the family Podoviridae. However, meanwhile the Caudovirales 

taxonomy is being reshaped, the family Podoviridae will be dissolved in time and the 

Autographivirinae subfamily has been upgraded to a family. Taking these changes in 

consideration, we propose here to declare the RIO clade as a new family within the order 

Caudovirales, and to name it Zobellviridae (from Claude Zobell, the first to isolate marine 

phages). 

In the Zobellviridae, we propose i) one new subfamily, the Cobavirinae, made of two 

new genera, Siovirus and Veravirus, and ii) six new genera, Icepovirus, Vipivirus, Salinovirus, 

Citrovirus, Paundecimvirus and Melvirus, not affiliated yet to any subfamily. The intergenomic 

similarities used to delimitate the above genera are found in figure 13. The phylogenetic tree 

based on the Terminase protein (found in all phages from Zobellviridae) confirms the 

phylogenetic assignments based on the whole genome tree (see Fig. 12). 
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3.3.2. Cobavirinae subfamily 

In the whole genome tree, ICBM1, ICBM2 and ICBM3 formed a highly supported clade 

together with Roseobacter virus SIO1 and its relatives, Celeribacter phage P12053L and several 

environmental phage genomes. This clade is referred here as the old SIO clade (see Fig. 11). 

VICTOR based taxonomic thresholds suggested this clade represents a genus. Therefore, 

Bischoff et al. (2019) suggested to call this clade the Siovirus genus. Within the old SIO clade, 

all phages with the exception of two environmental genomes (Env 3300001749 

JGI24025J20009 10000213 and Env TARA ERS488813 N000141) had a cobalamin dependent 

ribonucleotide reductase and formed a highly supported clade. Bischoff et al. (2019) suggested 

to call this clade the “Cobavirus Group”, part of the Siovirus genus. In the light of current 

changes in ICTV classification rules, we propose to classify the “Cobavirus group” as a 

subfamily, named Cobavirinae (from the presence of cobalamin dependent ribonucleotide 

reductase in the phage genomes). Because their genomes are incomplete, the two environmental 

genomes which were part of the SIO clade, but not of the Cobavirus group, are not considered 

here. The Siovirus genus (the old SIO clade), as defined by Bischoff et al. (2019) is further 

disregarded. 

Based on the 70% nucleotide similarity threshold currently recommended by ICTV for 

the determination of phage genus borders, we propose three genera within the Cobavirinae 

subfamily (see Fig. 13 for intergenomic similarity values): i) Siovirus (not to be mistaken with 

the old Siovirus genus defined by Bischoff et al. (2019), which corresponds to the whole SIO 

clade), with the species Lentibacter virus ICBM1, Celeribacter phage P12053L and 

Roseobacter virus SIO1, and ii) Veravirus, with the species Lentibacter virus ICBM2. With the 

exception of Lentibacter virus ICBM1, all other species are represented by single strains. 

Lentibacter virus ICBM1 contains two strains, ICBM1 and ICBM3, having an intergenomic 

similarity at nucleotide level of 98.67% (see Fig. 13). ICBM2 is the sole representative of the 

Lentibacter virus ICBM2 species. An additional phylogenetic analysis, based on the terminase 

protein, supports the conclusions from the whole genome phylogeny (see Fig. 12). 

3.3.2.1. Genus Siovirus 

Genus Siovirus consists of three species: Lentibacter virus ICBM1, Celeribacter phage 

P12053L and Roseobacter virus SIO1. The genus name derives from Roseobacter phage SIO1, 

the first phage described from this genus and the first sequence marine bacteriophage. As type 

species we propose Lentibacter virus ICBM1, because its representatives are actively 
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maintained in the laboratory of Cristina Moraru and hopefully will be deposited at the DMSZ 

culture collection. 

Lentibacter virus ICBM1 species 

Two phages belong to the Lentibacter virus ICBM1 species: Lentibacter virus vB LenP 

ICBM1 (ICBM1) and Lentibacter virus vB LenP ICBM3 (ICBM3). They were enriched from 

southern North Sea water, collected during an algal bloom (Bischoff et al. 2019). ICBM1 was 

further purified to a single isolate. ICBM3 is known only as a phage genome from the 

enrichment. Transmission electron microscopy revealed that ICBM1 phage had an isometric 

capsid with hexagonal cross-sections of 58.7 ± 3.7 and a short tail (sample size = 100 phages 

each; negative staining with uranyl acetate) (Fig. 14). The host range of ICBM1 was determined 

on 94 Rhodobacteraceae strains. ICBM1 infected only Lentibacter sp. SH36, the original 

isolation host. ICBM1 has a genome size of 40.163 kb and a G+C content of 47.0% (GenBank 

Accession MF431617). ICBM3 was obtained by sequencing of the phage enrichment. ICBM3 

has a genome size of 40.498 kb and a G+C content of 47.30% (GenBank accession MF431615). 

Both phages have direct terminal repeats (DTRs) as genome termini. 

Roseobacter virus SIO1 species 

Roseobacter virus SIO1 is currently described in ICTV as an unclassified Podoviridae 

species. Here we proposed to move it into the new subfamily Cobavirinae, Siovirus genus. 

Bischoff et al. (2019) have determined the genome ends as DTRs, and reordered the genome 

accordingly. Other SIO1 related phages (SIO 2001, OS, MB, SBRSIO67) have incomplete 

genomes and therefore are not included in this proposal.  

Celeribacter phage P12053L species 

The phage belonging to Celeribacter phage P12053L species was previously described 

(Kang et al. 2012). It has a dsDNA genome (GenBank accession JQ809650) of 35.889 kb 

length, with a G+C content of 46.1 (Kang et al. 2012) and DTRs as genome termini (Bischoff 

et al. 2019). It was isolated from the Yellow Sea in South Korea with the original host 

Celeribacter marinus IMCC12053 (Kang et al. 2012; Yang et al. 2016). 

3.3.2.2. Veravirus genus 

Veravirus genus consists of one species, which is also the type species, namely Lentibacter 

virus ICBM2. The name of the genus comes from the researcher who isolated the Lentibacter 

virus vB LenP ICBM2 (ICBM2).  
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Lentibacter virus ICBM2 species 

One phage belongs to the Lentibacter virus ICBM2 species: Lentibacter virus vB LenP 

ICBM2. It was isolated from southern North Sea water collected during an algal bloom 

(Bischoff et al. 2019). Transmission electron microscopy revealed that ICBM2 phage had an 

isometric capsid with hexagonal cross-sections of 59.2 ± 2.8 and a short tail (sample size = 100 

phages each; negative staining with uranyl acetate) (Fig. 14). The host range of ICBM2 was 

determined on 94 Rhodobacteraceae strains. ICBM2 infected only Lentibacter sp. SH36, the 

original isolation host. ICBM2 has a genome size of 40.907 kb and a G+C content of 47.8% 

(GenBank Accession MF431616). As genome termini, ICBM2 has DTRs. 

3.3.2.3. Genomic organization of cobaviruses 

The phages of the proposed subfamily Cobavirinae have a conserved genomic organization. 

All have DTRs as genomic ends (Bischoff et al. 2019). This suggests that cobaviruses might 

use a packaging strategy similar to the T7 phage. The genes are organized in two genomic arms 

with opposite transcriptional directions, separated by a bidirectional, rho-independent 

transcriptional regulator. On the left genomic arm, genes for replication and nucleotide 

metabolism are encoded, while the right arm encodes genes for lysis and virion structure and 

morphology (Bischoff et al. 2019). 

3.3.3. Other genera in the Zobellviridae family 

3.3.3.1. Melvirus genus 

Melvirus genus consists of two species, Pseudoalteromonas virus HP1 and Pseudoalteromonas 

virus RIO1 (see Fig. 13 for the intergenomic similarities used to delimitate this genus). As type 

species we propose the Pseudoalteromonas virus HP1, because it is actively maintained in the 

laboratory of Melissa Duhaime. The genus name comes from the researcher who has 

characterized it.  

Pseudoalteromonas virus HP1 species 

The Pseudoalteromonas virus HP1 species has one phage – Pseudoalteromonas phage 

HP1. This phage, infecting two closely related strains of Pseudoalteromonas sp. (strain H-100 

and strain 13-15) was isolated from seawater samples from the North Sea, near Helgoland, 

Germany (Duhaime et al. 2017). It has a genome of 45.035 kb in size and a G+C content of 

44.67 (GenBank accession KF302037.1). It has a podoviral morphology with an icosahedral 

capsid and a short tail (Fig. 15) (Duhaime et al. 2017). Its host range is narrow among strains 

tested, infecting two out of seven strains of Pseudoalteromonas sp. 
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Pseudoalteromonas virus RIO1 species 

The Pseudoalteromonas virus RIO1 species has one phage – Pseudoalteromonas phage 

RIO-1. This phage was isolated from seawater samples from the East Sea, South Korea, 

together with its host Pseudoalteromonas marina CL-E25 (Hardies et al. 2013). The phage 

infects only its original host (Hardies et al. 2013). It has an icosahedral head of 51 nm and a 

short tail. Its genome is 43.882 kb large, with 39.6% G+C content and direct terminal repeats 

(Hardies et al. 2013) (GenBank accession KC751414). 

3.3.3.2. Paundecimvirus genus 

Paundecimvirus genus has only one species, which is also the type species, namely 

Pseudomonas virus PA11. The genus name comes from the phage name.  

Pseudomonas virus PA11 species  

Pseudomonas virus PA11 species comprises the PA11 phage. This phage infects 

Pseudomonas aeruginosa and has a genome size of 49.639 kb, with 44.8% G+C content 

(GenBank accession DQ163915) (Kwan et al. 2006). 

3.3.3.3. Citrovirus genus 

Citrovirus genus has one species, which is also the type species, namely Citrobacter virus 

CVT22. The genus name comes from the phage host name. 

Citrobacter virus CVT22 species 

Citrobacter virus CVT22 species comprises the Citrobacter phage CVT22. This phage 

infects Citrobacter sp. strain TM1552. Together with its host it was isolated from the gut of the 

Formosan subterranean termite Coptotermes formosanus (Tikhe et al. 2015). It has a podoviral 

morphology and a circular permuted genome of 47.636 kb size and 41.6% G+C content 

(GenBank accession KP774835) (Tikhe et al. 2015). 

3.3.3.4. Salinovirus genus 

Salinovirus genus has a single species, which is also the type species, namely Salinivibrio 

virus CW02. The genus name comes from the phage host name. 

Salinivibrio virus CW02 species 

Salinivibrio virus CW02 species consists of the Salinivibrio phage CW02. This phage 

infects the Salinivibrio costicola-like bacterium SA50 (99% 16S rRNA sequence identity with 

S. costicola subsp. costicola strain ATCC 33508) and it was, like its host, isolated from the 
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Great Salt Lake, USA (Shen et al. 2012). CW02 has an icosahedral capsid of ~60 nm in 

diameter and a short tail. The genome of phage CW02 is 40.547 kb in size with 47.67% G+C 

content and has no terminal repeats (GenBank accession JQ446452) (Shen et al. 2012). 

3.3.3.5. Vipivirus genus 

Vipivirus genus has only one species, which is also the type species, namely Vibrio virus 

VpV262. The genus name comes from the phage name.  

Vibrio virus VpV262 species 

The Vibrio virus VpV262 species includes the phage Vibrio phage VpV262, and it is 

currently described in ICTV as unclassified Podoviridae. We propose here to move this species 

to the Zobellviridae family, Vipivirus genus. 

3.3.3.6. Icepovirus genus 

Icepovirus genus has one species, which is also the type species, namely Vibrio virus 

ICP2. The genus name comes from the phage name. 

Vibrio virus ICP2 species 

Vibrio virus ICP2 species consists of Vibrio phage ICP2. This phage infects different 

Vibrio cholerae strains. It was isolated from stool-samples of cholera patients in Bangladesh, 

with the original host V. cholerae O1 El Tor. It can also infect V. cholera O139 strain M010. It 

has a genome of 49.675 kb and 42.7% G+C content (GenBank accession HQ641345) (Seed et 

al. 2011). ICP2 has an icosahedral capsid of 60 nm in diameter and a short tail (13 nm long, 

8 nm wide) (Seed et al. 2011). 

3.4. Supporting evidence 

Table 4: Parameters used by VICTOR to calculate a whole genome tree based on 

amino acid sequences and to demarcate taxa. 

Parameter Value 

Word length 3 

E-value filter 0.1 

Algorithm Greedy-with-trimming 

Formula d6 

Distance threshold, species 0.118980 

Distance threshold, genus 0.749680 

Distance threshold, subfamily 0.888940 
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Fig. 11: Whole genome phylogenetic tree depicting the new Zobellviridae family. The whole-genome-based phylogeny was 

inferred using the Genome-BLAST Distance Phylogeny method implemented in the VICTOR web service, using the amino 

acid data. Internal branch labels represent pseudo bootstrap support values if larger than 50%. The proposed family 

Zobellviridae and the proposed subfamily Cobavirinae are annotated with colored rectangles. Further information regarding 

the current affiliation of phages to ICTV taxa and OPTSIL clusters, as well as G+C content and genome sizes is described 

within the figure legend (circled numbers). "Viruses annotated as "Unassigned" in legend "Genus (ICTV)" have been assigned 

to both an ICTV species and family but not to a genus level, whereas "NA" refers to viruses which have not been recognized 

as a taxa by the ICTV." The affiliation of one or more viruses to a distinct species, genus, subfamily or family cluster is indicated 

by a specific symbol of same shape and color. Adapted from Bischoff et al. (2019). Used under CC BY 

(http://creativecommons.org/licenses/by/4.0/). 
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Fig. 12: Phylogenetic positioning of the terminase proteins belonging to the phages in the Zobellviridae family. The terminase 

protein phylogeny was inferred using the approximately-maximum-likelihood method implemented in FastTree 2.1.5 in 

Geneious. The node labels represent Fast Tree support values. The tree is drawn to scale, with branch lengths measured in 

number of substitutions per site. The tree is unrooted. The affiliation of viruses to the proposed Cobavirinae subfamily or the 

proposed Zobellviridae family is indicated in green and orange colour, respectively. 
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Fig. 13: Nucleotide based, intergenomic similarities between the members of the here newly proposed Zobellviridae family. 

The intergenomic similarities were calculated using the VIRIDIC webservice (viridic.icbm.de), using the formula 

simAB = ((idAB+idBA)*100) / (lA+lB), where idAB = identical bases when genome A is aligned to genome B, 

idBA = identical bases when genome B is aligned to genome A, lA = length genome A, lB = length genome B, 

simAB = intergenomic similarity between genomes A and B. 
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Fig. 14: Transmission electron micrograph of molybdenum stained, cell debris 

bound Lentibacter virus vB_LenP_ICBM1 and uranyl acetate stained, free 

Lentibacter virus vB_LenP_ICBM2. Scale bar: 50 nm. From Bischoff et al. (2019). 

Used under CC BY (http://creativecommons.org/licenses/by/4.0/) No changes 

made. 

 

 

Fig. 15: Transmission electron micrograph of Pseudoalteromonas 

phage HP1 (N. Solonenko). Scale bar: 100 nm. 

 

 

http://creativecommons.org/licenses/by/4.0/
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4. Isolation and classification of novel dsDNA 

roseophages 

4.1. Chapter summary 

In a large isolation campaign, more than 350 bacterial strains from the Roseobacter Group were 

used as potential hosts and seven different seawater samples from the North Sea were used as 

virus source. With two different methods, using either direct plating of concentrated seawater 

or enrichment cultures, 277 phage isolates were obtained (Fig. 16). After screening for unique 

phages by randomly amplified polymorphic DNA (RAPD) - PCR and genome size estimation 

using pulsed-field gel electrophoresis (PFGE), sequencing yielded 128 unique dsDNA 

roseophage genomes. They belong to twelve different genera. We investigated genome 

characteristics of 28 representative phages and classified them within the context of the current 

ICTV scheme as well as previously reported roseophages. The new roseophages infect 

Sulfitobacter, Lentibacter and Octadecabacter strains and belong to eight different families, 

four already ICTV-recognized and four newly proposed. 

The following chapter describes unpublished data. However, much of the experimental 

data and analysis make part of a manuscript in the final stages of preparation.  

Contributions to this work: 

Cristina Moraru designed the research and contributed to data analysis (genome assembly, 

annotation, and taxonomic classification) and manuscript writing. I performed much of the 

laboratory work and wrote this chapter, with great help from Benedikt Heyerhoff (sampling and 

preparation of seawater samples, phage isolation, DNA extraction, and RAPD-PCR), Aaron 

Woolley (purification of bacterial strains and phages), Mary Nguyen (phage isolation), Anne 

Bögeholz (phage DNA extraction and RAPD-PCR) and Andrea Schlingloff (host 16S rRNA 

gene and ITS sequencing). PFGE was conducted in the laboratory of our collaborator Silke 

Pradella at the DSMZ (Deutsche Sammlung für Mikroorganismen und Zellkulturen) in 

Braunschweig. Sequencing of the phage genomes was performed by our collaborators Anja 

Poehlein and Mechthild Bömeke at the Göttingen Genomics Laboratory. Carlota Alejandre-

Colomo and Anneke Heins from the Max-Planck-Institute for Marine Microbiology (MPI) in 

Bremen provided the bacterial host strains. 
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Fig. 16: Workflow of phage isolation by direct plating (left) or enrichment cultures (right) and subsequent genome 

sequencing and classification (Image created with BioRender.com). 
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4.2. Materials and methods 

4.2.1. Cultivation media 

For phage isolation and subsequent cultivation, host strains were grown either in artificial 

saltwater medium (ASW) or MB50 medium. ASW was prepared using the following recipe. 

24.32 g/l NaCl, 10 g/l MgCl2x6H2O, 1.5 g/l CaCl2x2H2O, 0.66 g/l KCl, 4 g/l Na2SO4, 2.38 g/l 

HEPES, 0.6 g/l peptone, 0.3 g/l yeast extract, 84 mM KBr, 40 mM H3BO3, 15 mM SrCl2, 

40 mM NH4Cl, 4 mM KH2PO4, 7 mM NaF. After adjustment to pH 7.5, the solution was 

autoclaved and completed before use with 1 ml/l of sterile filtered multi vitamin solution (after 

(Balch et al. 1979)), 0.25 ml/l of sterile filtered trace element solution A (1.5 g FeCl2x4H2O in 

10 ml 25% HCl and 250 ml MilliQ water) and 0.1 ml/l of autoclaved trace element solution B 

(19 mg/l CoCl2x6H2O, 10 mg/l MnCl2x2H2O, 7 mg/l ZnCl2, 3.6 mg/l Na2MoO4x2H2O, 

2.4 mg/l NiCl2x6H2O, 0.6 mg/l H3BO3, 0.2 mg/l CuCl2x2H2O). 10 x ASW medium contained 

a ten-fold higher amount of yeast extract, peptone and vitamins, respectively. ASWbase 

medium was prepared without any of the three ingredients. 

To prepare MB50 medium, ready-to-use Marine broth medium (MB) DifcoTM (BD 

Biosciences) (5 g/l peptone, 1 g/l yeast extract, 0.10 g/l C6H8FeO7, 19.45 g/l NaCl, 5.90 g/l 

MgCl2, 3.24 g/l Na2SO4, 1.80 g/l CaCl2, 0.55 g/l KCl, 0.16 g/l NaHCO3, 0.08 g/l KBr, 0.034 g/l 

SrCl2x6H2O, 0.022 g/l H3BO3, 0.004 g/l Na2SiO3x3H2O, 0.0024 g/l NaF, 0.0016 g/l NH4NO3, 

0.008 g/l Na2HPO4, prepared according to the manufacturer´s instructions) was diluted in a 1:1 

ratio with ASWbase before autoclavation. For MB50 agar plates, 18 g/l Bacto Agar (BD 

Biosciences) were added to liquid MB50 medium before autoclaving. For MB50-soft agar, 6 g/l 

low melting point Biozym Plaque GeneticPure agarose (Biozym) were added to MB50 medium 

before autoclaving in 250 ml glass bottles. Prior to usage, the MB50-soft agar was melted in a 

boiling water bath and cooled down to 37 °C. 1 ml/l sterile filtered multi vitamin solution (after 

Balch et al. (1979)) was added.  

4.2.2. Origin and cultivation of host strains 

The bacterial hosts used for phage isolation have been all isolated from the North Sea, but in 

different years and locations and were provided by various collaborators (Table 6). Lentibacter 

sp. SH36 and Sulfitobacter sp. SH24-1b (host of phage ICBM5 described in chapter 6) were 

isolated from a seawater sample from the southern North Sea (54°42'N, 06°48'E; 36 m depth) 

taken in May 2007 during a phytoplankton bloom (Hahnke et al. 2013). Strain MPI-62 was 
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isolated from seawater collected during the spring phytoplankton bloom from 2017 at 

Helgoland roads time series station (54°11'03"N, 7°54'00"E). Strain MM282 was isolated from 

a seawater sample taken at high tide at the shore of Harlesiel (53°42'39"N 7°48'28"E) in October 

2017. Both strains were provided by Anneke Heins (MPI, Bremen). For more details on the 

isolation procedure of these two bacterial strains, see appendix. 

A large culture collection of 388 strains from the Roseobacter group was provided by 

Carlota Alejandre-Colomo (MPI, Bremen and IMEDEA, Esporles, Spain) to be used in the 

phage isolation campaign (see SI file S4-1). The strains had been isolated by direct plating from 

North Sea surface water samples taken in spring 2016 also at Helgoland roads time series station 

(54°11'17.88"N, 7°54'0"E) and had been preliminarily assigned to the genus Sulfitobacter by a 

combination of 16S rRNA analysis and whole cell matrix-assisted laser desorption ionization – 

time offlight mass spectrometry (WC MALDI-TOF MS) (Alejandre-Colomo et al. 2020).  

Experiments with Sulfitobacter sp. SH24-1b were performed with full MB medium. All 

other strains were cultivated in MB50 medium and general growth conditions were 20 °C and 

100 rpm.  

Table 6: Bacterial strains used for phage isolation in this study. *Host of phage ICBM5 described in chapter 6. ** Numbering 

is from 1 to 388, see SI file S4-1. 

Bacterial strains Isolated from Isolated by / 

Reference 

Strain label 

Lentibacter sp. SH36 Southern North Sea, 54°42'N, 

06°48'E 

(Hahnke et al. 2013) SH36 

MPI-62 Helgoland Roads, 54°11'17.88"N, 

7°54'0"E 

Anneke Heins MPI-62 

MM282 Harlesiel, 53°42'39"N 7°48'28"E Anneke Heins MM282 

Sulfitobacter sp. SH24-1b* Southern North Sea, 54°42'N, 

06°48'E 

(Hahnke et al. 2013) SH24-1b 

Roseobacter Group strains 

labeled with M# ** 

Helgoland Roads, 54°11'17.88"N, 

7°54'0"E 

(Alejandre-Colomo et 

al. 2020). 

M# 

 

4.2.3. 16S sequencing and phylogenetic analysis of host strains 

The 16S rRNA gene of all bacterial hosts was sequenced to determine their phylogenetic 

affiliation. A larger DNA fragment comprising the 16S rRNA gene and the internal transcribed 

spacer (ITS) was amplified and sequenced, because this was needed for a more detailed analysis 

of the sulfivirus host strains (see chapter 5.3.1.). For each strain, 50 µl of densely grown liquid 
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culture were centrifuged for 10 min at 12000 x g. The cell pellet was resuspended in 30 µl 

nuclease free water, frozen at -20 °C and thawed by 10 min ultrasonic treatment in order to 

open the cells. 1 µl was used to amplify for polymerase chain reaction (PCR) to amplify the 

16S rRNA gene and the ITS region. The reaction was performed with 250 µM of each 

deoxynucleotide triphosphate (dNTP), 0.8 mM MgCl2, 1.2 mg/ml bovine serum albumin 

(BSA), 10 pmol primer 27F binding to the 16S rRNA gene (Table 7), 10 pmol primer 189R 

binding to the 23S rRNA gene (Table 7), 0.4 U Phusion High-Fidelity DNA Polymerase (Fisher 

Scientific, 2 U/µl) and 5 µl 5x reaction buffer containing 1.5 mM MgCl2. The cycling protocol 

was as follows. After the initial denaturation step with 5 min at 95 °C, 32 cycles of 1 min at 

95 °C, 1 min at 42 °C and 2 min at 72 °C were performed. At the transition between 

denaturation and elongation, temperature was lowered by 1.2 °C per second. A final elongation 

step of 10 min at 72 °C was performed. Successful amplification was tested by agarose-gel 

electrophoresis and ethidium bromide staining. PCR products were purified using the pegGold 

Cycle-Pure Kit (S-line) (PEGLAB Biotechnology) following the instruction manual. 

Sequencing was performed by GATC Services Eurofins Genomics Germany GmbH 

(Ebersberg, Germany) with six different primers (Table 7). Contig assembly was done with the 

DNA Baser software (www.dnabaser.com, version 5.15.0.0BT). Phylogenetic analysis of the 

16S rRNA gene was performed with the ARB software package (Ludwig et al. 2004), using the 

reference data set SSU Ref NR 138.1. A neighbor-joining tree was calculated with Jukes-Cantor 

correction, 1000 bootstrap replicates and the termini filter. Members of the genus 

Psychrobacter served as an outgroup. 

Table 7: Primers used for 16S - 23s rRNA fragment amplification and sequencing. 

Primer Sequence 5’ -> 3’ Reference 

189R TACTTAGATGTTTCAGTTC (Hunt et al. 2006) 

27F AGA GTT TGA TCM TGG CTC AG (Suzuki and Giovannoni 1996) 

341F CCT ACG GGA GGC AGC AG modified from Herlemann et al. (2011) 

907F AAA CTC AAA KGA ATT GAC GG aodified from Muyzer et al. (1995) 

GM4F AAG TCG TAA CAA GGT A adapted from Muyzer et al. (1995) 

GM4R TAC CTT GTT ACG ACT T Muyzer et al. (1995) 

 

4.2.4. Water samples for phage isolation 

Viruses were isolated from seven different seawater samples originating either from mesocosm 

experiments (samples P1, P2, and P4) or directly from the seawater column (samples NHS, 

HE504-33, HE396-6, and HE440-S) (see Table 8). Water samples P1, P2 and P4 were taken 

from three replicate mesocosms in an experiment mimicking a phytoplankton spring bloom 
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(Mori et al. 2021; Dlugosch et al. 2023). In each of the mesocosms 600 l artificial seawater had 

been inoculated with water from the southern coastal North Sea and incubated at natural light 

and temperature conditions for six weeks. The inoculum had been sampled on board of the 

research vessel Heincke on March 10th 2018 (54°04'33.0"N 7°37'37.2"E) at 4.2 m below sea 

surface and was filtered through 100 µm before inoculation (Table 8). Samples for phage 

isolation were taken at the very end of the experiment, after the emergence and collapse of a 

phytoplankton bloom had been observed. From each of the replicates (P1, P2 and P4) eight 

liters were sampled, immediately filtered serially through 8 µm, 5 µm and 0.22 µm 

polycarbonate filters (Whatman Nuclepore 47mm, Sigma-Aldrich, USA) and stored at 4 °C. 

Seawater sample NHS originated from the shore in Neuharlingersiel at the coast of the southern 

North Sea (53°42'12.7"N 7°42'15.0"E) (Table 8). Ten liters were sampled in July 2018 during 

high tide, filtered through 0.8 µm polycarbonate filters and stored at 4 °C for a few days. 

Sample HE504-33 was collected on board of the research vessel Heincke in the southern North 

Sea (53°53'44.5"N 7°32'05.6"E) during a phyloplankton bloom on March 9th 2018 (Table 8). 

Six liters of seawater were sampled, filtered directly through 0.8 µm polycarbonate filters and 

stored at 4 °C.  

Prior to phage isolation, water samples P1, P2, P4, NHS and HE504-33 were again 

filtered through 0.22 µm bottle top filters (Nalgene Rapid-Flow, PES membrane, ThermoFisher 

Scientific). Five liters were concentrated to approximately 50 ml by crossflow filtration 

(Vivaflow® 200, PES membrane, 30 kDa MWCO, Sartorius). The obtained virus concentrate 

was stored at 4 °C (for maximum 3 weeks). 

Sample HE440-S was the same as used for the isolation of the cobaviruses, i.e. multiple 

samples from the southern North Sea, taken during a phytoplankton bloom in March 2015 on 

board of the cruise ship RV Heincke and pooled together (see chapter 2.2.2.). Sample HE396-6 

was also taken on board of the cruise ship RV Heincke in the southern North Sea, but in March 

2013 (Table 8). It was filtered on board through 0.7 μm filters (GTTP filters, 47 mm in 

diameter, Millipore), transported to the laboratory and stored at 4 °C in the dark. Both water 

samples, HE396-6 and HE440-S were filtered again through 0.2 µm (Nalgene rapid-flow, 

0.2 µm, PES membrane, Thermo-Scientific) before they were used for phage isolation by 

enrichment cultures. 

 

 



Isolation and classification of roseophages 

75 

 

Table 8: Seawater sources for phage isolation. 

Label From Coordinates / References Processing 

HE396-6 southern North-Sea, 

March 2013 

54°20'04.2"N 7°06'58.8"E 0.7 µm  0.2 µm filtration 

HE440-S southern North Sea, 

March 2015, pooled 

multiple stations 

53°58'40.8"N 8°03'32.4"E, 

53°56'13.2"N 7°48'21.6"E, 

53°53'45.6"N 7°32'06.0"E, 

53°50'24.0"N 7°15'18.0"E, 

53°47'34.8"N 6°59'49.2"E 

(Bischoff et al. 2019) 

HE504-33 southern North Sea, 

March 2018 

53°53'44.5"N 7°32'05.6"E 0.8 µm  0.2 µm filtration 

 100x concentration of 

the phage fraction 

P1 mesocosms 

inoculated with water 

from the southern 

North Sea, March 

2018 

 

54°04'33.0"N 7°37'37.2"E 

(Mori et al. 2021) 

8 µm  5 µm  0.2 µm 

filtration  100x 

concentration of the phage 

fraction 

P2 

P4 

NHS North Sea shore, July 

2018 

53°42'12.7"N 7°42'15.0"E 0.8µm  0.2 µm filtration 

 100x concentration of 

the phage fraction 

 

4.2.5. Isolation of phages from direct plating and their further 

characterization 

4.2.5.1. Direct phage isolation by plaque assay 

In the large-scale isolation campaign, phages were isolated by plaque assay and single plaque 

picking, using methods described before (Kauffman and Polz 2018). Bacterial host strains were 

challenged with the virus concentrates from the different seawater samples. A volume of 280 µl 

of exponentially growing host culture (optical density at 600 nm (OD600) = 0.2 – 0.3) were 

pipetted into the middle of a MB50 agar plate (1.8% agar). The virus concentrate (100 µl) and 

3 ml of MB50-soft agar (0.6% low melting point Biozym Plaque GeneticPure agarose, Biozym, 

kept warm at 37 °C) were pipetted into the middle of the virus-host droplet. The plate was 

gently shaken to mix and spread the soft agar layer evenly. After drying of the top layer, plates 

were incubated at 20 °C for 3 - 5 days.  

Upon observation of phage plaques, phages were purified by single plaque picking and 

streak assay. An agar plate was prepared with a top layer of 3 ml MB50-soft agar containing 

280 µl of exponentially growing host culture (OD600 = 0.2 – 0.3). While the top layer was still 

liquid, a single phage plaque from the original plate was picked with a sterile pipette tip and 
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transferred to the still molten top layer of the new plate by streaking through the soft agar in a 

diluting manner in order to obtain single plaques (Fig. 17). The plate was again incubated for 

two days at 20 °C and the single plaque picking and streak assay was repeated three times for 

phage purification. 

 

Fig. 17: Scheme of the streak assay for phage purification. Between 

steps 1, 2 and 3 a new sterile pipette tip was taken. (Image created with 

Biorender.com). 

4.2.5.2. Preparation of fresh lysates and glycerol stocks 

Fresh, cell-free phage lysates for subsequent experiments or for glycerol stock preparation were 

obtained either from a liquid infection culture (method A) or from agar plates with confluent 

plaques (method B).  

Method A: Phage infection cultures were prepared by inoculation of 6 ml MB50% 

medium with an exponentially growing host culture to an OD600 of 0.006 and infection with 

one single phage plaque picked directly from an agar plate. In parallel, a control culture was set 

up for every host, containing only the medium and the host inoculum with an OD600 of 0.006 

without phage. After incubation overnight at 20 °C and 100 rpm bacterial lysis was indicated 

by disrupted cell particles and low OD600 (as in comparison with the control culture). The phage 

lysate was harvested by centrifugation (15 min, 4000 x g, 4 °C) and 0.22 µm filtration 

(ROTILABO® syringe filters, CME membrane, CarlRoth®) of the supernatant. Phage lysates 

were stored at +4 °C.  

Method B: For each phage isolate a single purified plaque was picked, resuspended in 

500 µl ASWbase and incubated overnight at 4 °C. In order to obtain plates with confluent 

plaques, serial dilutions (100, 10-1, 10-3) of the resuspended plaque were prepared by mixing 
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with ASW base. 100 µl of phage dilution were pipetted in the middle of an MB50% agar plate 

(1.8% agar). An aliquot of exponentially growing host culture was added (final OD600 in 

3 ml = 0.0233). 3 ml of MB50%-soft agar (0.6% low melting Biozym Plaque GeneticPure 

agarose, Biozym, kept warm at 40 °C) were pipetted into the middle of the phage/host droplet 

and the plate was shaken for mixing and even distribution of the soft agar layer. Plates were 

incubated for 1 - 2 days at 20 °C. If confluent plaques were observed, 5 ml of SM buffer 

(100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl pH 7.4) were applied on top of the soft agar. 

After incubation for 1 h at 4 °C the buffer was collected with a syringe and filtered 0.22 µm 

(ROTILABO® syringe filters, CME membrane, CarlRoth®). The obtained phage lysate was 

stored at 4 °C.  

For long term storage two types of glycerol stocks were prepared: i) stock of free phage 

particles (1 part phage lysate and 1 part MB50% media with 50% glycerol) and ii) stock of 

infected host cells (1 part infected cells - 400 μl phage fraction added to 400 μl host culture, 

15 min on ice for absorption - and 1 part MB50% media with 50% glycerol). Glycerol stocks 

were stored at -80 °C. 

4.2.5.3. PFGE for phage genome size determination/prediction 

To estimate the size of the phage genomes, phages were embedded in agarose plugs and 

submitted to a pulsed-field gel electrophoresis (PFGE), which is able to separate large DNA 

fragments. For removal of extracellular DNA and RNA, a 2 ml aliquot of phage lysate (obtained 

from agar plates with confluent plaques, see chapter 4.2.5.2, method B) was incubated with 1 µl 

of TurboDNase (2 U/µl; Invitrogen, Ambion) and 1 µl of RNase Cocktail Enzyme Mix 

(500 U/ml RNase A, 20,000 U/ml RNase T1; Invitrogen) for 30 min at 37 °C. Enzymes were 

inactivated by incubation for 10 min at 75 °C with 15 mM EDTA. 500 µl of the DNase/RNase 

treated lysate were used for agarose plug preparation. The aliquot was pre-heated to 37 °C and 

mixed with 170 µl of melted 3.2% SeaKem® Gold Agarose for PFGE (Lonza). The mixture 

was then quickly distributed in 100 µl molds (CHEF Disposable Plug Molds, Bio-Rad 

Laboratories) and allowed to solidify at 4 °C for at least 30 min. Afterwards, the plugs were 

removed from the molds and all plugs of one phage were collected in the same tube with 1.8 ml 

ESP buffer (10 mg/ml N-Laurylsarcosine sodium salt (Sigma) in 0.5 M EDTA pH 9.0) 

containing 1 mg/ml proteinase K (CarlRoth). After incubation overnight at 50 °C, the agarose 

plugs were washed three times in TE buffer (10 mM Tris-HCl pH 8.0, 2 mM EDTA pH 9.0) 

with intermediate incubation at room temperature for 15 min and finally stored in TE buffer at 

4 °C. PFGE was performed in collaboration with Dr. Silke Pradella (DSMZ, Braunschweig). 
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For each phage isolate, half an agarose plug was loaded on a 1% agarose gel (PFCA agarose in 

TBE buffer (45 mM Tris, 45 mM boric acid, 0.1 mM EDTA)). Electrophoresis was run on a 

CHEF-DR II System (Bio-Rad Laboratories), for 17 h at 14 °C buffer temperature with 120° 

angle, 1-6 s interval and 6 V/cm. DNA bands were visualized by SYBRgreen staining 

overnight. Low Range PFG Marker and Mid Range PFG Marker (New England Biolabs) were 

used as molecular size markers and served as calibration standards for size measurements. 

4.2.5.4. Phage DNA extraction 

For DNA extraction, a cell-free phage lysate was prepared from a plate with confluent plaques 

as described above. In contrast, DNA of the Lentibacter phages ICBM4, ICBM6 and ICBM7 

was isolated from a liquid infection culture (see chapter 4.2.5.2.). To remove extracellular DNA 

and RNA, a 2 ml aliquot of the phage lysate was incubated with 1 µl of TurboDNase (2 U/µl; 

Invitrogen, Ambion) and 1 µl of RNase Cocktail Enzyme Mix (500 U/ml RNase A, 

20,000 U/ml RNase T1; Invitrogen) for 30 min at 37 °C. Enzymes were inactivated by 

incubation for 10 min at 75 °C. To remove the viral protein capsid, a treatment with 

Proteinase K followed. A premix solution was prepared by mixing 100 µl EDTA (0.5 M, pH 8) 

with 5 µl proteinase K solution (20 mg proteinase K, CarlRoth®, dissolved in 1 ml nuclease 

free water) and preheated at 50 °C for at least 30 min. The premix solution was added to the 

phage lysate and incubated overnight at 50 °C. With phages infecting Sulfitobacter sp. 

SW_H+_2_149 this procedure was performed with slightly different enzymes and 

concentrations. Free DNA and RNA were digested with DNase 1 (Ambion, 0.004 U/µl) and 

RNase 1 (Ambion, 0.1 U/µl) and the viral capsid was disrupted with Proteinase K (0.05 U/ml) 

and SDS (0.5%). 

Viral DNA was extracted from the DNase, RNase and proteinase K treated lysate by 

mixing 1 ml of lysate with 1 ml of Wizard® PCR Preps DNA Purification Resin (Promega). A 

Wizard® Minicolumn was attached to a 5 ml disposable syringe with the plunger removed. The 

lysate/resin mixture was filled into the syringe and pushed through the minicolumn into a waste 

collection vessel. In the same way, 2 ml of 80% isopropanol were pushed through to wash the 

resin. Afterwards, the minicolumn was removed from the syringe and attached to sterile 1.5 ml 

centrifuge tube. After centrifugation (2 min at 10000 x g) the minicolumn was placed on a new 

sterile 1.5 ml centrifuge tube, filled with 100 µl 80 °C nuclease free water or TE buffer (10 mM 

Tris-HCl pH 8.0, 2 mM EDTA pH 9.0) and vortexed gently for ten seconds. After one minute 

incubation at room temperature it was centrifuged again for 30 seconds at 10000 x g to elute 

the DNA. The extracted DNA was concentrated to approximately 20 µl using 30 kDa Amicon 
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Ultra centrifugal filters (0.5 ml volume, Merck Millipore) and finally stored at -20 °C. DNA 

concentration was determined with the Qubit 2.0 fluorometer and the Qubit® dsDNA HS 

Assay. 

4.2.5.5. Screening for unique phages with RAPD-PCR 

To prevent from multiple sequencing of the same phage, a randomly amplified polymorphic 

DNA (RAPD) PCR was performed on all phage isolates aiming at identification of unique 

phages. RAPD PCR was either done with extracted phage DNA (for P4 and NHS phages) or 

on concentrated phage lysates (for P1 and P2 phages). Concentration of P1 and P2 phages was 

done by polyethylene glycol (PEG) precipitation. 1.6 ml of phage lysate (obtained from liquid 

infection culture, see chapter 4.2.5.2, method A) were incubated for 2 h (to overnight) at 4 °C 

with PEG (final concentration 5%) and NaCl (final concentration 0.1 M). After centrifugation 

(1 h at 7197 x g and 4 °C) the supernatant was discarded and the pellet resuspended in 30 µl 

nuclease free water (Invitrogen). For resuspension of the phages, the pellet was incubated 1-2 h 

at 4 °C with occasional gentle vortexing. Phage concentrates were stored at -20 °C. For removal 

of extracellular DNA and RNA, phage concentrates were incubated with 1 µl of TurboDNase 

(2 U/µl; Invitrogen, Ambion) and 1 µl of RNase Cocktail Enzyme Mix (500 U/ml RNase A, 

20,000 U/ml RNase T1; Invitrogen) for 30 min at 37 °C. Enzyme inactivation was performed 

by incubation for 10 min at 75 °C with 15 mM EDTA.  

The PCR mixture for RAPD PCR consisted of nuclease free water (Invitrogen), reaction 

buffer (supplied with Taq DNA polymerase), 0.16 mM of each deoxynucleoside triphosphate 

(Invitrogen), 2.5 U of Taq DNA polymerase (recombinant, Thermo Scientific), 4 µM RAPD 

primer OPA-9 (5’-ggg taa cgc c-3’; stock concentration 100 pmol/µl, Winget and Wommack 

(2008)) and 1 µl phage DNA or concentrated lysate. The PCR was run with 10 min at 94 °C for 

initial denaturation, 30 cycles of 30 s of denaturation at 94 °C, 3 min of annealing at 35 °C, and 

1 min of extension at 72 °C, followed by 10 min at 72 °C. For visualization of the PCR products 

agarose gel electrophoresis was performed (1.8%, 1.5 h, 80 V, ethidium bromide staining). A 

1kb Plus DNA ladder (Invitrogen) was used as molecular size marker. Banding patterns of all 

phages were compared manually based on absence or presence of bands. Phages with a pattern 

different from all the others were regarded as unique. 

4.2.6. Isolation of phages from enrichments 

Separate from the large-scale direct phage isolation campaign described above, Lentibacter 

phages ICBM4, ICBM6 and ICBM7 were isolated from enrichment cultures containing the host 
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bacterium Lentibacter sp. SH36 and North Sea water samples. Phages ICBM4 and ICBM7 were 

isolated from the same water sample as the cobaviruses (HE440-S), phage ICBM6 was isolated 

from sample HE396-6 (see chapter 4.2.4, Table 8). The enrichment procedure was similar to 

the one used for the isolation of the cobaviruses. The cultures were set up by mixing 1 part 

medium (ASW10x or MB10x, containing ten times the amount of peptone and yeast extract in 

comparison with ASW1x or MB) with 9 parts freshly filtered (Nalgene rapid-flow, 0.2 µm, 

PES membrane, Thermo-Scientific) seawater (HE440-S or HE396-6, respectively). After 

addition of exponentially growing cultures of Lentibacter sp. SH36 (in ASW1x medium) to a 

final OD600 of 0.006, enrichment cultures were incubated overnight (ICBM4) or for 3 – 7 days 

(ICBM6 and ICBM7) at 20 °C and 100 rpm. Two control cultures were incubated in parallel: 

A positive control containing ASWbase instead of seawater sample in order to monitor host 

growth and a negative control containing medium and seawater, but no host inoculum to check 

growth of bacterial contaminants in the seawater. Bacterial growth was monitored by optical 

density measurement at 600 nm (Beckmann DU520, USA). When lysis was indicated by the 

presence of cell debris and decreasing OD in the enrichment cultures compared to the positive 

control culture, the enriched phage fraction was obtained by centrifugation (15 min at 4000 x g) 

and 0.22 µm filtration (0.22 µm, ROTILABO® syringe filters, CarlRoth) and stored at 4 °C or 

as glycerol stocks containing host bacteria and phages (see chapter 4.2.5.2.).  

Later, phage fractions were revived for isolation of single viruses by infecting 5 ml of 

exponentially growing culture of Lentibacter sp. SH36 (OD600 = 0.1, in MB medium) with 

100 µl of the enrichment glycerol stock or 4 °C – stock, respectively. After incubation overnight 

at 20 °C and 100 rpm, the fresh phage lysate was harvested by centrifugation (10 min, 

10000 x g, 10 °C) and 0.22 µm filtration (syringe filter, Merck Millipore) of the supernatant. 

Phages were isolated by plaque assay and single plaque picking, using 100 µl of dilutions (100, 

10-1, 10-2, 10-3, 10-4) of the fresh phage lysate for the initial plaque assay on MB agar plates. 

The procedure of single plaque picking was a bit different than described above. A single plaque 

was picked and dissolved in 1 ml ASWbase overnight at 4 °C. Dilutions were prepared in 

ASWbase and plated again in another plaque assay obtaining again single plaques to be picked. 

This step was repeated at least three times in order to obtain pure plaques. 

Genomic DNA of Lentibacter phages ICBM4, ICBM6 and ICBM7 was extracted after 

enrichment of phage particles by two subsequent liquid infections as well as polyethylene 

glycol (PEG) precipitation. A pre-infection culture was set up by mixing 30 ml ASW1x medium 

with 500 µl of phage glycerol stock and an inoculum of exponentially growing culture of 

Lentibacter SH36 (final OD600 = 0.006). A positive control culture was also prepared containing 
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only medium and the host inoculum. After incubation overnight at 20 °C and 100 rpm, lysis 

was indicated in the infection culture by cell debris and a decreased OD600 compared to the 

positive control. The fresh phage lysate was harvested by centrifugation (15 min, 4000 x g) and 

0.22 µm filtration (ROTILABO® syringe filters, CarlRoth). The first large scale infection 

culture was set up containing 60 ml ASW1x medium, 1 ml fresh phage lysate and the inoculum 

from an exponentially growing culture of Lentibacter SH36 (final OD600 = 0.006). Two positive 

control cultures were prepared as well containing only medium and host inoculum. After 

incubation overnight at 20 °C and 100 rpm, lysis was indicated in the infection culture and the 

phage lysate was harvested by centrifugation (30 min, 4000 x g, 4 °C) and capture of the 

supernatant. A bacterial cell pellet was prepared by centrifugation of control culture I (30 min, 

4000 x g, 20 °C) and resuspended in 50 ml of the phage lysate. The mixture was incubated for 

15 min on ice and then transferred to an Erlenmeyer flask. After addition of 50 ml ASW2x 

medium (containing two times the amount of peptone and yeast extract as compared to ASW1x 

medium), the thereby obtained second large scale infection culture was incubated overnight at 

20 °C and 100 rpm. A positive control culture was prepared by mixing 50 ml of control culture 

II with 50 ml ASW2x medium and incubated as well. When cell lysis was indicated in the 

infection culture, the phage lysate was obtained again by centrifugation (30 min, 7000 x g, 

4 °C). For further concentration of the phage particles, precipitation with polyethylene glycol 

(PEG 8000, Molecular Biology Grade, Promega) was performed. 4 x 25 ml phage lysate were 

mixed with 50% PEG (final concentration 10%) and 5 M sodium chloride (final concentration 

0.6 M). After incubation for 2 g at 4 °C and subsequent centrifugation (2 h, 7197 x g, 10 °C), 

the phage pellets were resuspended in SM buffer, pooling them all together in 500 µl. 

Extracellular DNA was removed by DNase treatment. The phage concentrate was incubated 

with 0.04 U/µl Turbo DNase (2 U/µl, Invitrogen, Ambion) for 30 min at 37 °C. Afterwards, the 

enzyme was inactivated by incubation for 10 min at 75 °C with 15 mM EDTA. The phage DNA 

was extracted with the ChargeSwitch gDNA Mini Bacteria Kit (ThermoFisher Scientific) 

following the manufacturer´s instructions. RNase digestion was included in the first step of the 

protocol, but no lysozyme treatment. In the end, DNA was eluted in 1 ml elution buffer. The 

extracted DNA was further purified and concentrated to 100 µl using 30 kDa Amicon Ultra 

centrifugal filters (0.5 ml volume, Merck Millipore) and stored at -20 °C. DNA concentration 

was determined with the Qubit 2.0 fluorometer and the Qubit® dsDNA HS Assay. 
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4.2.7. Phage genome sequencing, assembly and genome end determination 

Genome sequencing was performed by our collaborators Anja Poehlein and Mechthild Bömeke 

at the Göttingen Genomics Laboratory (University of Göttingen), using the Illumina technology 

and the library preparation protocol for dsDNA. They provided us with the raw sequencing 

reads. The Illumina raw reads were cleaned with BBDuk in two steps. In the first step, the 

adaptors were removed, using the following parameters for BBDuk: “ktrim=r k=21 mink=8 tbo 

tpe ftm=5 rcomp=t ordered t=8”. In the second step, contaminating reads from phiX174 as well 

as low quality ends were removed, using the following parameters for BBDuk: “k=21 rcomp=t 

hdist=1 qtrim=rl trimq=20, maq=20 minlen=30 ordered t=8”. The quality of the cleaning was 

assessed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The 

cleaned reads were normalized with BBNorm, with the parameters “target=100 min=5”. 

BBDuk and BBNorm are part of the BBTools package (https://jgi.doe.gov/data-and-

tools/bbtools/). Afterwards, the normalized reads were assembled with the SPAdes genome 

assembler software v3.13.0 (Bankevich et al. 2012), with the parameters “-t 8 -k 

21,33,55,77,99,127 --sc –careful”. The resulted contigs were manually checked with Bandage 

0.8.1. The genomes with circular contigs were linearized at export from Bandage (Wick et al. 

2015). Further, PhageTerm 1.0.11 (Garneau et al. 2017) was used to determine the genome ends 

and to reorder the genome sequence accordingly. 

4.2.8. Clustering at species and genus level - VIRIDIC analysis 

All complete phage genomes from the new isolates were submitted to VIRIDIC (Moraru et al. 

2020), for the calculation of pairwise intergenomic identities based on nucleic-acids. VIRIDIC 

was used with default parameters, that is “-wordsize 7 -reward 2 -penalty -3 -gapopen 5 -

gapextend 2” for BLASTn and the “complete” agglomeration method. This procedure was 

repeated after removal of duplicate genomes (i.e. 100% nucleotide-based intergenomic 

identity). Species-level and genus-level genome clusters were calculated by cutting the tree at 

the 95% and 70% identity threshold, respectively. 

4.2.9. Retrieval of related phage genomes and of other roseophages from 

sequence databases 

Virus Relative Finder web-app (manuscript in prep., Cristina Moraru) was used to find phage 

genomes related to our roseophage isolates. In a first step, VirRel Finder predicted proteins for 

each roseophage isolate using MetaGeneAnnotator (Noguchi et al. 2008), and further translated 

them using the seqinr R package (Charif and Lobry 2007) and the translation code 11. The 
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proteins from all roseophages were then used to search using BLASTP a database of all viral 

genomes downloaded from GenBank in November 2022 

(https://ftp.ncbi.nlm.nih.gov/genomes/genbank/viral/). From all search results, the protein hits 

further considered were only those with their bitscore >30 and coverage >70. In the last step, 

VirRel Finder selected only those viral genomes that had at least 5% of the proteins similar with 

those of one of the new roseophage isolates, and a genome length ranging between 50% and 

150% the length of its related roseophage isolate. At this point, more than 9000 phage genomes 

were obtained. After removal of the genomes labeled with “uncultured”, the remaining genomes 

were clustered at the genus level using an identity threshold of 70% with VIRIDIC. To further 

reduce the dataset, from each genus cluster only one representative was kept.  

This dataset was merged with 28 representatives of our newly isolated phages. 

Furthermore, the genomes of eleven viruses infecting Sulfitobacter sp. SW_H+_2_149 (phages 

Ebeline 1-11) were provided by Nina Bartlau (MPI, Bremen, Germany) and were incorporated 

into this dataset. They had been isolated from a North Sea water sample (station of 

“Kabeltonne” (54º 11’ 17.88” N, 7º 54’ 0” E) at the channel of Helgoland) using enrichment 

cultures. Additionally, previously published roseophages were added to the dataset (see 

Table 9) resulting in a collection of 1327 genomes.  

The genomes in this dataset were then hierarchically clustered with VirClust (Moraru 

2023), using the following parameters: i) code 11 for protein translation; ii) protein clustering 

based on BLASTp using the log e-values, and matches were kept if bitscore >= 30, coverage 

>= 70, evalue < 0.00001, identity >= 0%; ii) the complete aglomeration method for genome 

clustering. Further, the genome tree was split into clusters using a 0.995 distance threshold, and 

only those genome clusters that contained roseophages (either the new isolates, or previously 

isolated ones) were kept. At this point, we checked the ICTV-sanctioned taxonomic 

classification of the phages in this dataset, and, where necessary, we supplemented the dataset 

with further phage genomes from the detected viral families. This was done to ensure a uniform 

representation of the respective phage families, and resulted in a final dataset of 965 phage 

genomes, named here Roseo_DB (see SI file S4-7). 

4.2.10. VirClust analysis – hierarchical clustering and genome annotation 

To enable the classification of the new roseophage isolates, the genomes in Roseo_DB were 

hierarchically clustered using VirClust (Moraru 2023), as follows. In a first step, the genetic 

code 11 was used for protein translation, and then proteins were clustered based on BLASTp 

(log e-value clustering, matches kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, 
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identity >= 0%). Then, the viral genomes were hierarchically clustered with the complete 

agglomeration method. The tree was then split into viral genome clusters (VGCs) matching 

most of the ICTV-recognized phage families in the dataset using a distance threshold of 0.995. 

The tree was further visualized and annotated in iTOL (Letunic and Bork 2021).  

And lastly, we annotated the predicted proteins and tRNAs from the genomes of all new 

roseophage isolates. First, we used VirClust to search for protein homologoues in the following 

databases: the prokaryotic Virus Orthologous Groups (pVOGs) (Grazziotin et al. 2017) 

database, the Virus Orthologous Group database (VOGDB, https://vogdb.csb.univie.ac.at, 

(Kiening et al. 2019)) database, the Prokaryotic Virus Remote Homologous Groups (PHROGS) 

database (Terzian et al. 2021), and the InterPro database (Finn et al. 2017). Then, the results 

were manually evaluated and consolidated, to assign a product and a functional category to each 

protein. And finally, to annotate the tRNAs we used the online tool tRNAscan-SE v. 2.0 

(http://lowelab.ucsc.edu/tRNAscan-SE/index.html, Lowe and Chan (2016)). Genome maps of 

the new roseophage isolates were generated using the genoPlotR (Guy et al. 2010) from the R 

programming environment (https://www.rproject.org/). Furthermore, VirClust (Moraru 2023) 

was used to determine the core proteins of all members of a VGC or of smaller phage groups 

such as potential families using the same parameters as above (log e-value clustering, matches 

kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). 
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4.3. Results 

4.3.1. Strains from three Roseobacteraceae genera served for the isolation of 

277 phages 

In this study, strains of different genera within the Roseobacteraceae family were used as bait 

bacteria for phage isolation (Table 10). In the large-scale isolation experiment, phages were 

isolated by direct plating. A collection of 388 Roseobacter Group strains (M#), which were 

until then not further classified, and two Lentibacter strains were challenged with four different 

water samples (P1, P2, P4, and NHS). In addition, the same two Lentibacter strains and one 

Octadecabacter strain were used for direct phage isolation from seawater sample HE504-33. 

Furthermore, enrichment cultures containing Lentibacter sp. SH36 and different water samples 

(HE396-6 and HE440-S) were used for phage isolation. All potential host strains originated 

from different sampling sites in the southern North Sea, either directly at the East Frisian coast, 

in the open sea or at the channel of Helgoland, and provided by different collaborators (see 

Fig. 18 and chapter 4.2.2.). 

Table 10: Pairing of the phage water samples with the bacterial hosts during the phage 

isolation procedures. 

Phage water source Hosts Isolation procedure 

HE396-6 
Lentibacter sp. SH36 enrichment 

HE440-S 

HE504-33 

Lentibacter sp. SH36,  

MPI-62, 

MM282 
direct-plating 

P1, P2, P4, NHS 

Lentibacter sp. SH36,  

MPI-62, 

Roseobacter Group strains M# 
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Fig. 18: Map of the german bight showing sampling sites for the isolation of bacterial strains (red) and phages (blue). SH = 

origin of Lentibacter sp. SH36 (Hahnke et al. 2013), Helgoland = channel of Helgoland (time series station), P = origin of 

mesocosm inoculum (Mori et al. 2021), 33 = origin of sample HE504-33, 6 = origin of sample HE396-6, S1-5 = origins of 

pooled samples HE504-S, NHS = Neuharlingersiel, HS = Harlesiel. 

A total of 277 phage isolates were obtained (Table 11). Three of them were isolated from 

enrichment cultures, while the majority originated from direct plating. They have been named 

as follows: the isolation host genus name, followed by “phage”, followed by “ICBM” (from the 

Institute of Chemistry and Biology of the Marine Environment) and a number (see Table 13). 

The last part (ICBM#) also served as a short name, and it will be used throughout the text. 

The majority of phage isolates in this study (115 unique phage genomes) originated from 

infection of 64 strains from the Roseobacter Group collection M#, which had been isolated 

from Helgoland Roads (Fig. 18). Almost all of these strains formed a cohesive cluster based on 

16S rRNA gene sequence similarity with their closest relative being Sulfitobacter marinus 

(Fig. 19). Only strain M315, host of phage ICBM153, clustered differently within the 

Sulfitobacter genus. The tree also includes Sulfitobacter sp. SH24-1b, which is the host strain 

of “Ascunsovirus oldenburgi” ICBM5, a novel ssDNA microvirus, which is described in 

chapter 6. This strain was most closely related to Sulfitobacter dubius and was isolated from 

the same sampling site as Lentibacter sp. SH36 (Hahnke et al. 2013). 
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Lentibacter sp. SH36, host of the above-described cobaviruses, was again successfully 

used for phage isolation from enrichment cultures (phages ICBM4, ICBM6, ICBM7) as well 

as from direct plating (phages ICBM8, ICBM161 - ICBM166). Another strain of this genus, 

Lentibacter sp. MPI-62, isolated from the channel of Helgoland (North Sea) in 2017, was used 

for direct phage isolation and was infected by four phages (phages ICBM157 - ICBM160). 

Octadecabacter sp. MM282 was isolated in 2017 at the North Sea coast in Harlesiel, Germany, 

and was successfully used for direct isolation of phage ICBM156. In conclusion, phages have 

been isolated from three different genera, which are Lentibacter, Sulfitobacter and 

Octadecabacter. 

 

Fig. 19: Neighbor-joining tree based on 16S rRNA gene sequence similarity showing the phylogenetic affiliation of the 

bacterial strains used for phage isolation in this study (in bold). The tree was calculated with Jukes-Cantor correction and the 

termini filter. Bootstrap values were derived from 1000 replicates. The bar represents 0.10 substitutions per nucleotide position. 

Four strains of the genus Psychrobacter (Gammaproteobacteria) (FJ039851, AJ309940, JN411455, and U46139) served as 

outgroup. Genbank accession numbers are given in parentheses. T type strain of species. Strains M71 and M172 are missing 

from the tree. However, pairwise sequence comparison revealed that the partial 16S rRNA gene as well as the internal 

transcribed spacer (ITS) were 99.9% identical to Sulfitobacter sp. M290, which belongs to the cluster of 59 Sulfitobacter strains 

(see chapter 5.3.1, Fig. S15) 
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4.3.2. Quick screening for unique phages by RAPD-PCR 

For the large number of phage isolates, a screening method was needed in order to prevent from 

expensive genome sequencing of duplicate phages. For this purpose, a randomly amplified 

polymorphic DNA (RAPD) PCR with subsequent gel electrophoresis was performed, which 

allowed for differentiation of banding patterns and a quick typing of the isolates. Phage isolates 

originating from the same host strain often had identical banding patterns and were thus 

regarded as duplicates (Fig. 20 and S13, SI file S4-2). Only one representative, for example 

phage ICBM76, was chosen to be genome sequenced. However, in other cases phages from the 

same host strain had different banding patterns and were both genome sequenced (e.g., phages 

ICBM71 and ICBM104).  

 

Fig. 20: Gel electrophoresis of RAPD-PCR products for 13 phage isolates. Phages with identical band patterns are 

colored accordingly. For each unique pattern, one isolate was chosen to be genome sequenced (green arrows). 

Marker 1kb Plus DNA ladder (InvitrogenTM). 

Out of 261 phage isolates that had been isolated by direct plating and submitted to RAPD-

PCR, 138 showed unique banding patterns and were chosen to be genome sequenced (Table 11, 

SI file S4-3). From 242 phages that had been isolated from the Sulfitobacter sp. M# strains, 

more than half had unique patterns (127 phages). Six phages had been isolated from Lentibacter 

sp. MPI-62 by direct plating, three from seawater sample P1 and three from sample P2, 

respectively. From each water sample, two isolates showed the same banding pattern, 
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respectively. Thus, in the end four phages from Lentibacter sp. MPI-62 were selected for 

sequencing. Out of the 12 phages isolated from Lentibacter sp. SH36 by direct plating, six were 

selected for sequencing, including two phages from each seawater sample (P1, P2, and 

HE504-33), respectively. Phage ICBM156 isolated from Octadecabacter sp. MM282 also 

showed a banding pattern different from all other isolates and was chosen for genome 

sequencing.  

4.3.3. Genome sequencing and assembling of selected phage isolates 

Apart from the 145 phage isolates that were chosen for genome sequencing based on their 

unique RAPD-PCR banding patterns, 23 additional phages were genome sequenced. They 

included phages ICBM4, ICBM6 and ICBM7 isolated from enrichment cultures with 

Lentibacter sp. SH36 as well as phage ICBM8, isolated by direct plating with the same host 

and seawater sample HE504-33. The remaining additional phages were isolated by direct 

plating from different Sulfitobacter sp. M# strains.  

Out of the 161 phages sequenced, a total number of 143 phage genomes were successfully 

assembled (Table 11), 130 of them infecting Sulfitobacter strains, twelve infecting Lentibacter 

strains and one phage infecting Octadecabacter sp. MM282. From the Sulfitobacter phage gen

omes, 36 could only be assembled partially (Table 11). For the remaining 94 Sulfitobacter pha

ges, the Octadecabacter phage and all Lentibacter phages, the obtained genome contigs were c

ircularly closed as observed upon the quality check using Bandage (Wick et al. 2015) and ther

efore could be considered complete. PhageTerm (Garneau et al. 2017) was used to predict  the  

genome  ends  and  to  cut  the  circular  genomes  into  linear  contigs  accordingly. Furthermor

e, the genome sequence was reordered in a way that genes of the DNA replication module wer

e encoded first and the morphology genes were located towards the genome end. We used this 

genome arrangement as a convention in order to simplify genome comparisons, still having in 

mind that the chosen genome termini and directions were artificial. Especially for  circularly  p

ermuted  phage  genomes,  genome  ends  cannot  be  universally  determined, 

because they differ from virion to virion (see introduction chapter 1.3.4.). 

The 107 complete genomes ranged in size from 33.35 to 80.76 kb (Table 12). A 

comparison of the sequenced genome lengths to those predicted through the PFGE 

measurements (perfomed only for 56 phages), showed differences of less than 4 kb (Table 12). 

Only in two cases (Sulfitobacter phages ICBM76 and ICBM94), the genome size measured by 
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PFGE was more than 5 kb smaller than the actual genome size. Therefore, PFGE proved to be 

a decent tool for genome size estimation. All phage genomes obtained were of dsDNA nature, 

as indicated by the fact that they had been amenable to RAPD-PCR and to genome sequencing 

using a library preparation protocol for dsDNA genomes.  

Table 11: Counts of phage isolates, sequenced and final unique phage genomes. *additional phages were sequenced, that had 

not been analyzed with RAPD-PCR **nucleotide-based intergenomic identity <100%. 

 
All 

phages 

Sulfitobacter 

phages 

Octadecabacter 

phages 

Lentibacter phages 

Total 
From direct 

plating 

From 

enrichment 

Total phage 

isolates 
277 254 1 22 19 3 

Isolates used for 

RAPD-PCR 
261 242 1 18 18 - 

Isolates chosen 

after RAPD-PCR 
138 127 1 10 10 - 

Isolates sent for 

sequencing* 
161 146 1 14 11 3 

Assembled 

genomes 
143 130 1 12 9 3 

- complete 107 94 1 12 9 3 

- partial 36 36 - - - - 

Unique 

genomes**  
128 115 1 12 9 3 

- complete 94 81 1 12 9 3 

- partial 34 34 - - - - 

 

Table 12: Sizes of complete phage genomes comparing PFGE and sequencing. Size differences >5kb are marked in red. *n.d. 

= not determined. 

 Genome size [bp]   Genome size [bp] 

Phage name 

S
e
q
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e
n

c
e
d

 

P
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G
E

 

D
if
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r
e
n
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(P
F

G
E

 -
 S

e
q

.)
 

 Phage name 

  
 S

e
q

u
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n

c
e
d

 

  
 P

F
G

E
 

  
D

if
fe

re
n

ce
  
  

(P
F

G
E

 -
 S

e
q

.)
 

Lentibacter phage ICBM4 43.101 n.d. -  Sulfitobacter phage ICBM95 54.142 50.54 -3.60 

Lentibacter phage ICBM6 40.273 n.d. -  Sulfitobacter phage ICBM97 51.373 51.56 0.19 

Lentibacter phage ICBM7 45.55 n.d. -  Sulfitobacter phage ICBM99 52.071 51.56 -0.51 

Lentibacter phage ICBM8 38.666 n.d. -  Sulfitobacter phage ICBM100 54.118 54.63 0.51 

Sulfitobacter phage ICBM12 54.842 55.65 0.80  Sulfitobacter phage ICBM101 53.772 53.60 -0.17 

Sulfitobacter phage ICBM13 53.694 54.63 0.93  Sulfitobacter phage ICBM102 50.475 48.50 -1.98 

Sulfitobacter phage ICBM16 53.115 52.58 -0.53  Sulfitobacter phage ICBM103 50.611 50.38 -0.23 

Sulfitobacter phage ICBM18 52.071 51.56 -0.51  Sulfitobacter phage ICBM105 51.379 49.52 -1.86 

Sulfitobacter phage ICBM21 52.607 52.58 -0.02  Sulfitobacter phage ICBM107 52.423 n.d. - 

Sulfitobacter phage ICBM22 54.842 54.63 -0.22  Sulfitobacter phage ICBM109 51.998 n.d. - 
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Sulfitobacter phage ICBM23 53.772 55.65 1.87  Sulfitobacter phage ICBM110 55.587 n.d. - 

Sulfitobacter phage ICBM24 53.772 52.58 -1.19  Sulfitobacter phage ICBM111 33.588 n.d. - 

Sulfitobacter phage ICBM25 55.591 58.71 3.12  Sulfitobacter phage ICBM113 52.367 n.d. - 

Sulfitobacter phage ICBM38 51.389 53.21 1.82  Sulfitobacter phage ICBM117 34.081 n.d. - 

Sulfitobacter phage ICBM39 53.256 49.44 -3.81  Sulfitobacter phage ICBM118 34.114 n.d. - 

Sulfitobacter phage ICBM40 53.772 50.38 -3.39  Sulfitobacter phage ICBM119 53.787 n.d. - 

Sulfitobacter phage ICBM41 53.787 50.38 -3.40  Sulfitobacter phage ICBM121 36.856 n.d. - 

Sulfitobacter phage ICBM42 54.434 51.33 -3.11  Sulfitobacter phage ICBM122 36.856 n.d. - 

Sulfitobacter phage ICBM43 54.119 52.27 -1.85  Sulfitobacter phage ICBM123 33.588 n.d. - 

Sulfitobacter phage ICBM45 53.766 52.27 -1.50  Sulfitobacter phage ICBM124 54.296 n.d. - 

Sulfitobacter phage ICBM47 52.388 52.27 -0.12  Sulfitobacter phage ICBM125 34.08 n.d. - 

Sulfitobacter phage ICBM48 53.624 53.21 -0.41  Sulfitobacter phage ICBM126 53.881 n.d. - 

Sulfitobacter phage ICBM49 54.336 54.15 -0.18  Sulfitobacter phage ICBM127 52.781 n.d. - 

Sulfitobacter phage ICBM50 52.071 51.33 -0.74  Sulfitobacter phage ICBM128 54.612 n.d. - 

Sulfitobacter phage ICBM51 55.142 55.36 0.22  Sulfitobacter phage ICBM129 70.738 n.d. - 

Sulfitobacter phage ICBM52 54.694 55.36 0.67  Sulfitobacter phage ICBM130 33.346 n.d. - 

Sulfitobacter phage ICBM53 53.465 51.66 -1.80  Sulfitobacter phage ICBM131 52.646 n.d. - 

Sulfitobacter phage ICBM54 53.931 52.72 -1.21  Sulfitobacter phage ICBM133 54.967 n.d. - 

Sulfitobacter phage ICBM55 34.08 n.d. -  Sulfitobacter phage ICBM134 54.461 n.d. - 

Sulfitobacter phage ICBM57 54.46 54.83 0.37  Sulfitobacter phage ICBM137 53.554 n.d. - 

Sulfitobacter phage ICBM58 54.373 53.77 -0.60  Sulfitobacter phage ICBM138 52.782 n.d. - 

Sulfitobacter phage ICBM59 54.967 54.83 -0.14  Sulfitobacter phage ICBM139 53.722 n.d. - 

Sulfitobacter phage ICBM60 53.548 53.77 0.22  Sulfitobacter phage ICBM143 52.012 n.d. - 

Sulfitobacter phage ICBM61 52.642 52.72 0.08  Sulfitobacter phage ICBM144 50.195 n.d. - 

Sulfitobacter phage ICBM62 50.122 48.50 -1.62  Sulfitobacter phage ICBM145 53.772 n.d. - 

Sulfitobacter phage ICBM64 54.336 53.77 -0.56  Sulfitobacter phage ICBM146 52.265 n.d. - 

Sulfitobacter phage ICBM65 54.288 53.77 -0.52  Sulfitobacter phage ICBM147 51.69 n.d. - 

Sulfitobacter phage ICBM67 51.759 n.d. -  Sulfitobacter phage ICBM148 52.071 n.d. - 

Sulfitobacter phage ICBM68 52.277 52.72 0.44  Sulfitobacter phage ICBM150 51.373 n.d. - 

Sulfitobacter phage ICBM69 51.379 51.66 0.28  Sulfitobacter phage ICBM151 53.772 n.d. - 

Sulfitobacter phage ICBM70 53.694 54.83 1.13  Sulfitobacter phage ICBM152 53.772 n.d. - 

Sulfitobacter phage ICBM76 50.122 35.70 -14.42  Sulfitobacter phage ICBM153 80.756 n.d. - 

Sulfitobacter phage ICBM77 50.195 47.48 -2.72  Sulfitobacter phage ICBM154 52.265 n.d. - 

Sulfitobacter phage ICBM78 53.429 51.56 -1.87  Sulfitobacter phage ICBM155 52.071 n.d. - 

Sulfitobacter phage ICBM79 53.781 51.56 -2.22  
Octadecabacter phage 

ICBM156 
60.762 n.d. - 

Sulfitobacter phage ICBM82 53.759 51.56 -2.20  Lentibacter phage ICBM157 42.72 n.d. - 

Sulfitobacter phage ICBM86 52.921 49.52 -3.40  Lentibacter phage ICBM158 42.906 n.d. - 

Sulfitobacter phage ICBM87 53.362 50.54 -2.82  Lentibacter phage ICBM159 42.936 n.d. - 

Sulfitobacter phage ICBM88 53.044 49.52 -3.52  Lentibacter phage ICBM160 43.138 n.d. - 
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Sulfitobacter phage ICBM89 53.957 50.54 -3.42  Lentibacter phage ICBM163 37.2 n.d. - 

Sulfitobacter phage ICBM90 51.373 47.48 -3.89  Lentibacter phage ICBM164 43.051 n.d. - 

Sulfitobacter phage ICBM91 51.389 48.50 -2.89  Lentibacter phage ICBM165 37.385 n.d. - 

Sulfitobacter phage ICBM93 53.694 50.54 -3.15  Lentibacter phage ICBM166 44.947 n.d. - 

Sulfitobacter phage ICBM94 54.72 43.70 -11.02      
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4.3.4. The new roseophage isolates belong to 12 genus-level genomic clusters 

Calculation of the nucleotide-based intergenomic identities between the 143 assembled phage 

genomes  using  VIRIDIC  (Moraru  et  al.  2020)  (SI  files  S4-4  and  S4-5)  revealed  that  15 

sequences were 100% identical to others (all Sulfitobacter phages; 13 complete, two partial). T

hese  duplicate  phages  were  removed  from  the  dataset,  leaving  behind  128  unique  novel r

oseophage genomes (Table 11). From 146 Sulfitobacter  phage  isolates,  130  were  successfull

y  genome  sequenced  (resulting  in  either complete or partial genomes) and 115 of these geno

mes turned out to be unique (Table 11). Therefore, one can assume that most duplicate phage i

solates had been sorted out successfully. RAPD-PCR proved to be an appropriate method for q

uick typing of closely related phages circumventing laborious DNA purification and sequencin

g, as it was described before (Comeau et al. 2004; Gutiérrez et al. 2011).  

Out of the 128 unique phage genomes, 94 were complete and used for further 

classification. Clustering based on nucleotide-based intergenomic identity (NBII) using 

VIRIDIC (Moraru et al. 2020) grouped them into 14 genus-level and 49 species-level clusters, 

based on the thresholds recommended by ICTV for species (95%) and for genera (70%) 

(Fig. 21, Table 14). The great majority of the Sulfitobacter phage genomes (72 phages) fell into 

a large cluster comprising the genus-level clusters 9, 10 and 11 (Fig. 21). Within this large 

cluster, most of the nucleotide-based intergenomic identities are higher the than the genus 

threshold of 70%, with very few being as low as 68.4%. Thus, we merged genus-level clusters 

9, 10 and 11 into one genus cluster (labeled 9-11). The members of this genus cluster were 

provisionally named here “sulfiviruses”. In this chapter, we will characterize only six 

sulfiviruses (ICBM13, ICBM16, ICBM21, ICBM23, ICBM25, and ICBM47). A separate 

chapter of this thesis has been dedicated to the sulfiviruses, in which also the rest of them is 

further characterized (see chapter 5). The remaining 22 viruses (nine Sulfitobacter phages, the 

twelve Lentibacter phages and the Octadecabacter phage) were divided into eleven genus-level 

and 16 species-level clusters (Fig. 21, Table 14). Phages isolated from different host genera 

clustered together, respectively. Only genus cluster 2 contained two Sulfitobacter phages 

(ICBM121 and ICBM122) and one Lentibacter phage (ICBM163). All of these phages were 

selected for further taxonomic and genomic analysis, while from the sulfivirus cluster only 

representatives were chosen, as mentioned above (Table 14). 
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Fig. 21: Nucleotide-based intergenomic identities of 94 unique and complete roseophage genomes, calculated with 

VIRIDIC. Genus-level clusters suggested by VIRIDIC are indicated by red rectangles and labeled on the right side. (Figure 

available with higher resolution as SI file S4-6). 

Table 14: Clustering of 94 unique and complete roseophage genomes into genera and species clusters. Phages chosen for 

further taxonomic and genomic analysis are written in bold. 

Genus 

cluster 

Species 

cluster 
Newly proposed binomial name Phage genomes Host genus 

1 

1 „Annekevirus eins“ ICBM157, ICBM158, ICBM164 Lentibacter 

2 „Annekevirus zwei“ ICBM159 Lentibacter 

3 „Annekevirus drei“ ICBM160 Lentibacter 

2 
4 „Benvirus unu“ ICBM163 Lentibacter 

22 „Benvirus doi“ ICBM121, ICBM122 Sulfitobacter 

3 5 „Martinvirus patru“ ICBM165 Lentibacter 

4 6 „Falkvirus eni“ ICBM166 Lentibacter 
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9 „Falkvirus tva“ ICBM7 Lentibacter 

5 7 „Heinckevirus cuatro“ ICBM4 Lentibacter 

6 8 „Siovirus sase“ ICBM6 Lentibacter 

7 10 „Maryvirus opt“ ICBM8 Lentibacter 

8 11 „Octadecavirus uma“ ICBM156 Octadecabacter 

9-11 

12  ICBM43, ICBM100 Sulfitobacter 

16  ICBM78, ICBM109 Sulfitobacter 

17 „Sulfivirus twee“ ICBM25, ICBM52, ICBM110 Sulfitobacter 

33 „Sulfivirus een“ 
ICBM23, ICBM24, ICBM40, ICBM79, 

ICBM145 
Sulfitobacter 

39  ICBM42, ICBM51 Sulfitobacter 

49  ICBM94 Sulfitobacter 

13  
ICBM38, ICBM69, ICBM91, ICBM102, 

ICBM105, ICBM113 
Sulfitobacter 

14 „Sulfivirus drie“ ICBM47, ICBM103 Sulfitobacter 

20  ICBM41, ICBM119 Sulfitobacter 

25  ICBM127 Sulfitobacter 

31  ICBM139 Sulfitobacter 

32  ICBM62, ICBM76, ICBM77, ICBM143 Sulfitobacter 

35  ICBM147 Sulfitobacter 

37  ICBM18, ICBM99 Sulfitobacter 

44  ICBM86 Sulfitobacter 

46  ICBM88 Sulfitobacter 

48  ICBM90 Sulfitobacter 

15 „Sulfivirus zes“ ICBM21, ICBM107 Sulfitobacter 

21 „Sulfivirus vif“ 

ICBM12, ICBM13, ICBM22, ICBM49, 

ICBM57, ICBM58, ICBM59, ICBM65, 

ICBM70, ICBM95, ICBM133, ICBM134 

Sulfitobacter 

23  ICBM124 Sulfitobacter 

24  ICBM126 Sulfitobacter 

26  ICBM128 Sulfitobacter 

28 „Sulfivirus vier“ ICBM16, ICBM54, ICBM131 Sulfitobacter 

29  ICBM137 Sulfitobacter 

30  ICBM68, ICBM138 Sulfitobacter 

34  ICBM146, ICBM154 Sulfitobacter 

38  ICBM39, ICBM82 Sulfitobacter 

40  ICBM45, ICBM48 Sulfitobacter 

41  ICBM53, ICBM60 Sulfitobacter 

42  ICBM61 Sulfitobacter 

43  ICBM67 Sulfitobacter 

45  ICBM87 Sulfitobacter 

47  ICBM89 Sulfitobacter 

12 
18 „Viktorvirus dva“ ICBM111, ICBM130 Sulfitobacter 

19 „Viktorvirus adin“ ICBM55, ICBM117, ICBM118 Sulfitobacter 

13 27 „Carlotavirus una“ ICBM129 Sulfitobacter 

14 36 „Annevirus trei“ ICBM153 Sulfitobacter 
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4.3.5. Taxonomic classification and genomic characterization of selected 

new phage isolates 

Phage classification is a fast evolving discipline, which has undergone many recent changes, 

and its exact rules are still being considered by the scientific community. Further on, we aimed 

to place the new isolated roseophages into the taxonomic context of their related phages and all 

other roseophages from previous studies.  

For this whole-genome-based classification approach, in a first step phage genomes 

related to the new roseophage isolates were collected from the GenBank database using a 

BLASTP search. Only cultivated phages and only one phage from each genus were kept. Out 

of the new roseophage isolates, 28 were selected representing all of the detected clusters 

(Table 14). In addition, the genomes of eleven phages infecting Sulfitobacter sp. 

SW_H+_2_149 (phages Ebeline 1-11) were included into this project, provided by Nina Bartlau 

and Rudolf Amman (MPI, Bremen). The query dataset was completed by almost all publicly 

available genomes of dsDNA roseophages that were described in literature at the time of data 

collection (August 2022, 94 genomes). A first hierarchical clustering using VirClust (Moraru 

2023) enabled the reduction of the dataset to those viral genome clusters (VGCs) that contained 

roseophages. An alignment with the ICTV-recognized taxonomy at that time was made in order 

to be able to use the classification of existing families as a guide for the following subdivision 

into VGCs.  

The complete dataset comprising 965 phage genomes was further analysed with VirClust, 

for the purpose of taxonomic classification and protein annotation (Moraru 2023). Initially, 

proteins were predicted and grouped into protein clusters (PCs) based on their sequence 

similarity (BLASTP-based). The presence/absence of PCs in the viral genomes was used to 

determine pairwise intergenomic distances, which were further used for the calculation of a 

genome tree (Fig. 22, for a more detailed view see Fig. S14, and SI files S4-8 and S4-9). This 

tree was further split into viral genome clusters (VGC) of the family-level, using a threshold at 

which most of the ICTV-recognized families were in one VGC. 

The roseophages (previous and from this study) were spread all over the tree. Partly, they 

clustered within already existing and ICTV-recognized viral families. The novel roseophages 

fell into eight VGCs. Four of these clusters contained already recognized families: 

Mesyanzhinoviridae (VGC_11), Casjensviridae (VGC_9), Zobellviridae (VGC_8) and 

Autographiviridae (VGC_4). The eleven Ebeline phages infecting Sulfitobacter sp. 
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SW_H+_2_149 clustered closely together in a separate VGC. They are not described in more 

detail here, as they were not part of our isolation campaign.  

In the following subchapters of this thesis, the new roseophages clustering in each of the 

VGCs will be described in terms of their genomic compositions and characteristics as well as 

their newly proposed taxonomic classification. Predicted genome termini and DNA replication 

strategies (Table 15) will be discussed as well as the predicted morphologies and the lifestyle 

suspected based on gene annotations. Detailed genome content is only shown from 

representative phages. The complete gene annotations of all ICBM phages can be found in SI 

file S4-10. Table 16 provides an overview of the newly described and classified phages, 

summarizing their most important features and the proposed taxonomic classification. A 

breakdown of the isolation sites of the new roseophages within the assigned families is given 

in figure 23. In all families that comprise more than one of the new roseophages, these isolates 

originate from different water samples. In general, most phages were obtained from water 

samples NHS and P2 (Fig. 23). 

To assign the new roseophages to species, genera and (sub-) families, the following tools 

and thresholds were used. In accordance to the recently compiled guidelines for virus taxonomy 

(Simmonds et al. 2023), which suggest that genetic relationships of very similar genomes and 

assignment of the lower rank taxa genus and species should be based on nucleotide or amino 

acid sequence alignments, we consulted the nucleotide-based pairwise intergenomic identity 

(NBII) calculated with VIRIDIC (Moraru et al. 2020) for the classification of the new phages 

on genus and species level. The ICTV-recommended thresholds of 70% for the genus level and 

95% for the species level were applied. Simmonds et al. (2023) further suggested determining 

relationships at the intermediate ranks of family, order and class using protein profile 

comparisons. In this study, we delineated new potential phage families based on the protein 

cluster (PC)-based intergenomic similarity calculated with VirClust (Moraru 2023). A threshold 

of 30% was used, meaning that phages within a family must share more than 30% PC-based 

intergenomic similarity. New families were only proposed outside already existing families, i.e. 

if no phages of an ICTV-recognized family were found in the same VGC as our novel 

roseophages. When the new roseophages clustered together with an existing family, but within 

a subgroup with PC-based intergenomic similarities higher than 30%, a new subfamily was 

proposed.  
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Fig. 22: Whole-genome based proteomic tree of 965 dsDNA phages. Names of cultivated roseophages are marked in green 

(previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families and subfamilies, respectively. 

Genome lengths are displayed as bar chart. Colored branches indicate viral genome clusters (VGCs). (Figure available with 

higher resolution as SI file S4-8). 
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Fig. 23: Origins of the new phage isolates from different North Sea water samples, from the shore (NHS, July 2018), a 

mesocosm experiment (P1, P2 and P4, March 2018), and from the open sea (HE504-33 (2018), HE396-6 (2013) and HE440-

S (2015)). Pie chart on the top shows origins of all unique phage isolates. Below, origins of the new ICBM phages within each 

newly proposed or existing family are shown. Total numbers of phage isolates are written in parentheses.



Isolation and classification of roseophages 

113 

 

4.3.5.1. First roseophage isolates to cluster within the Autographiviridae family 

In the whole-genome based proteomic tree, one of the largest VGCs containing roseophages 

corresponded to the Autographiviridae family (Fig. 24, SI files S4-9 and S4-11). Most of the 

previously characterized Autographiviridae from this VGC_4 infect bacteria from 

Cyanophyceae, Gammaproteobacteria, Betaproteobacteria, Desulfovibrionia, and 

Alphaproteobacteria (Hyphomicrobiales, Pelagibacterales, Hyphomicrobiales, 

Caulobacterales). Viruses in this VGC with known morphology are podoviruses (Table 17). 

The new roseophage isolates grouping into Autographiviridae  formed a separate 

cluster, with a maximum PC-based intergenomic similarity with other Autographiviridae of 

18% (Fig. 26). Within this roseophage cluster, the minimum PC-based intergenomic similarity 

was of 78% (Fig. 26). Therefore, we propose here that this cluster forms a new subfamily within 

the Autographiviridae, which we tentatively named here “Incetivirinae”, from the Romanian 

word “incet” meaning “slow”, in accordance to the derivation of the host genus name 

Lentibacter from the latin word “lentus” meaning “slow”. We expect that this subfamily will 

form a family on its own, once the Autographiviridae classification will be overhauled.  

The six novel roseophages within this family were phages ICBM157, ICBM158, 

ICBM159, and ICBM160 infecting Lentibacter sp. MPI-62 and phages ICBM164 and ICBM4 

infecting Lentibacter sp. SH36 (Table 17). They have been isolated from three different water 

samples (HE440-S, P2 and P1). According to their nucleotide-based intergenomic identity, they 

formed two new genera. While phage ICBM4 formed its own genus, the other five viruses 

showed high intergenomic identity to each other and clustered into three species within one 

genus (Fig. 25). We tentatively named these two genera “Heinckevirus” (ICBM4), from the 

research vessel Heincke, and “Annekevirus” (ICBM157, ICBM158, ICBM159, ICBM160, and 

ICBM164), after Anneke Heins (MPI, Bremen), who provided the host strain Lentibacter sp. 

MPI-62. 

The new roseophages had genomes of 42.7 - 43.1 kb in size, 47.7 - 47.9% G+C content 

and 45 - 49 predicted ORFs. Functional annotation was possible for 27 of these ORFs. Phages 

of the “Annekevirus” genus all had short DTRs of 278 - 279 bp at the genome ends, identicating 

a T7-type DNA packaging technique (Table 15). In contrast, the PhageTerm results for 

Lentibacter phage ICBM4 were not as conclusive. A circularly permuted genome and a headful 

packaging strategy were suggested. However, the typical coverage pattern was missing 

(Garneau et al. 2017). The six phages showed an identical genome architecture and all but one 

annotated genes were found in all genomes (Fig. 27, SI file S4-10). Genes were arranged in 
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subsequent functional modules (Fig. 27, Table 18). In the DNA replication module, nine genes 

could be annotated: a ssDNA binding protein (PC_123), a RusA-like Holliday junction 

resolvase (PC_124), a bifunctional DNA primase/helicase (PC_88), a HNH endonuclease 

(PC_126), a DNA polymerase I (PC_89), an endo/exo-ribonuclease (PC_127), a ribonucleotide 

reductase (PC_91) and a thymidylate synthase ThyX (PC_1). In addition, a DNA directed 

RNA-polymerase was encoded (PC_122), which is a hallmark of the Autographiviriae family. 

The second half of the genome harboured genes for virion morphology. Those responsible for 

capsid structure and packaging included a capsid assembly and scaffolding protein (PC_132), 

two internal virion proteins (PC_138 and PC_136), the major capsid protein (PC_133) and the 

terminase large subunit (PC_145). Furthermore, a head-tail connecting protein (PC_131), a tail 

fiber protein (PC_139), tail tubular protein A (PC_134) and tail tubular protein B (PC_135) 

were annotated. Three lysis genes coded for an endolysin (PC_95), a holin (PC_142) and a 

protein with a lysozyme-domain (PC_202) (Fig. 27, Table 18). The latter gene (PC_202) was 

missing in the genome of phage ICBM4. In addition, a nucleotide pyrophosphohydrolase 

(PC_128) and an acetyl transferase (GNAT) (PC_111) have been annotated. Two genes 

annotated as “regulator of chromosome condensation (RCC1)” (PC_140 and PC_141) were 

found in the genomes. Such proteins have been frequently described in eukaryotes, regulating 

DNA condensation (Ohtsubo et al. 1989). So far, they have been found only in the two related 

Jumbo phages, Chronobacter phage vB_CsaM_GAP32 and Escherichia coli virus phAPEC6 

(Abbasifar et al. 2014; Wagemans et al. 2020). In neither of the genomes were any tRNAs 

predicted. 

The detection of DTRs and the annotation of a T7-type DNA polymerase I suggested that 

the new roseophages use a T7-like bidirectional replication and DNA packaging technique 

(Tables 15 and 18). Furthermore, Virfam prediction and gene annotation (absence of major tail 

protein, tail completion protein and sheath), indicated a podoviral morphology with a short tail 

(Tables 17 and 18). A Lambda repressor-like gene was annotated in the genomes. In 

bacteriophage Lambda, this protein regulates viral gene expression as part of the lytic/lysogenic 

decision (Maniatis and Ptashne 1973). Together with the annotation of an integrase gene, this 

indicated the potential for a lysogenic lifestyle of these phages (Table 18). The phages of the 

“Incetivirinae” subfamily shared 37 core proteins, comprising 26 out of 27 annotated proteins 

and 11 hypothetical proteins (Table 19).  
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Fig. 24: Section of the whole-genome based proteomic tree showing the Autographiviridae family. Names of cultivated 

roseophages are marked in green (previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families 

and subfamilies, respectively. Genome lengths are displayed as bar chart. Branches of the Studiervirinae subfamily are marked 

in red.

Cluster A

Cluster B
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Fig. 25: Nucleotide-based intergenomic identities of phages in clusters A and B of the Autographiviridae family (VGC_4), 

calculated with VIRIDIC. Members of the newly proposed genera “Heinkevirus” and “Annekevirus” and the newly proposed 

subfamily “Incetivirinae” are annotated with boxes and colored labels. (The VIRIDIC heatmap and cluster table for the 

complete VGC_4 can be found in SI files S4-11 and S4-12). 
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Fig. 26: PC-based intergenomic similarities of phages in clusters A and B of the Autographiviridae family (VGC_4), calculated 

with VirClust (log e-value clustering, matches kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). 

Members of the newly proposed genera “Heinkevirus” and “Annekevirus” and the newly proposed subfamily “Incetivirinae” 

are annotated with boxes and colored labels. 

 



Isolation and classification of roseophages 

121 

 

 

Fig. 27: Genome map of members of the Autographiviridae family. A Members of the “Annekevirus” genus (Lentibacter 

phages ICBM157, ICBM158, ICBM159, ICBM160 and ICBM164). B Lentibacter phage ICBM4 (genus “Heinckevirus”). 

 

Table 18: Gene annotations of Lentibacter phage ICBM157. Strand 1: forward orientation. Strand -1: reverse orientation. Hp 

= hypothetical protein. *Core proteins of phages in the “Incetiviridae” family. 

Gene ID 
Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stran

d 
PC ID Protein function Category 

gene_1 363 509 147 1 262 hp unknown 

gene_2 550 936 387 1 376 hp unknown 

gene_3 1014 1205 192 1 311 hp unknown 

gene_4 1202 1396 195 1 198 hp unknown 

gene_5 1397 1600 204 1 377 hp unknown 

gene_6 1602 1772 171 1 118* hp* unknown 

gene_7 2167 2370 204 1 119* hp* unknown 

gene_8 2694 3053 360 1 120* Lambda repressor-like* lytic/lysogenic regulation 

gene_9 3053 3391 339 1 199 hp unknown 

gene_10 3381 4502 1122 1 121* Integrase* integration and excision 

gene_11 4761 7277 2517 1 122* 
DNA directed RNA-

polymerase* 

DNA, RNA and nucleotide 

metabolism 

gene_12 7393 7938 546 1 123* ssDNA binding protein* 
DNA, RNA and nucleotide 

metabolism 

gene_13 7964 8329 366 1 124* 
RusA-like Holliday junction 

resolvase* 

DNA, RNA and nucleotide 

metabolism 

gene_14 8326 8523 198 1 125* hp* unknown 
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gene_15 8498 10099 1602 1 88* DNA primase/helicase* 
DNA, RNA and nucleotide 

metabolism 

gene_16 10099 10467 369 1 126* HNH endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_17 10526 12100 1575 1 89* DNA polymerase I* 
DNA, RNA and nucleotide 

metabolism 

gene_18 12109 13116 1008 1 127* endo/exo-ribonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_19 13142 13492 351 1 128* 
nucleotide 

pyrophosphohydrolase* 
other 

gene_20 13489 15447 1959 1 91* ribonucleotide reductase* 
DNA, RNA and nucleotide 

metabolism 

gene_21 15452 15640 189 1 129* hp* unknown 

gene_22 15627 16298 672 1 1* 
thymidylate synthase 

ThyX* 

DNA, RNA and nucleotide 

metabolism 

gene_23 16295 16657 363 1 4* hp* unknown 

gene_24 16654 16863 210 1 110* hp* unknown 

gene_25 16879 17187 309 1 92 hp unknown 

gene_26 17180 17416 237 1 130* hp* unknown 

gene_27 17409 17861 453 1 111* acetyl transferase (GNAT)* other 

gene_28 17864 18091 228 1 201 hp unknown 

gene_29 18104 19636 1533 1 131* 
head-tail connecting 

protein* 
connector 

gene_30 19649 20443 795 1 132* 
capsid assembly and 

scaffolding protein* 
head and packaging 

gene_31 20673 21665 993 1 133* major capsid protein* head and packaging 

gene_32 21728 22324 597 1 134* tail tubular protein A* tail 

gene_33 22328 24637 2310 1 135* tail tubular protein B* tail 

gene_34 24640 25236 597 1 136* internal virion protein* head and packaging 

gene_35 25233 27842 2610 1 137* hp* unknown 

gene_36 27864 29879 2016 1 202 Lysozym-domain lysis/tail 

gene_37 29906 34234 4329 1 138* internal virion protein D* head and packaging 

gene_38 34281 35204 924 1 139* tail fiber protein* tail 

gene_39 35201 36922 1722 1 140* 
Regulator of chromosome 

condensation, RCC1* 

DNA, RNA and nucleotide 

metabolism 

gene_40 36932 38605 1674 1 141* 
Regulator of chromosome 

condensation, RCC1* 

DNA, RNA and nucleotide 

metabolism 

gene_41 38605 38874 270 1 81* hp* unknown 

gene_42 38884 39276 393 1 142* Holin* lysis 

gene_43 39273 39491 219 1 143* hp* unknown 

gene_44 39488 39787 300 1 144* hp* unknown 

gene_45 39797 41674 1878 1 145* terminase large subunit* head and packaging 

gene_46 41685 42074 390 1 95* 
endolysin (L-alanyl-D-

glutamate peptidase)* 
lysis 

gene_47 42058 42420 363 1 264 hp unknown 
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Table 19: Core proteins of the newly proposed subfamily “Incetivirinae” in the family Autographiviridae. *maximum number 

of predicted ORFs divided by number of core proteins. 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional category) 

Percentage 

core 

proteins / 

total 

ORFs* 

45-49 37 26 

DNA, RNA and nucleotide metabolism: DNA directed RNA-

polymerase, (PC_122), ssDNA binding protein (PC_123), RusA-

like Holliday junction resolvase (PC_124), DNA primase/helicase 

(PC_88), HNH endonuclease (PC_126), DNA polymerase I 

(PC_89), endo/exo-ribonuclease (PC_127), ribonucleotide 

reductase (PC_91), thymidylate synthase ThyX (PC_1), Regulator 

of chromosome condensation, RCC1 (PC_140 and PC_141), 

Head and packaging: capsid assembly and scaffolding protein 

(PC_132), major capsid protein (PC_133), internal virion protein 

(PC_136 and PC_138), terminase large subunit (PC_145), 

Connector: head-tail connecting protein (PC_131), 

Tail: tail tubular protein A (PC_134), tail tubular protein B 

(PC_135), tail fiber protein (PC_139), 

Lysis: endolysin (L-alanyl-D-glutamate peptidase) (PC_95), holin 

(PC_142) 

Lytic/lysogenic regulation: Lambda repressor-like protein 

(PC_120), 

Integration and excision: Integrase (PC_121), 

Other: nucleotide pyrophosphohydrolase (PC_128), acetyl 

transferase (GNAT) (PC_111) 

75.51% 

 

 

4.3.5.2. A novel roseophage infecting Octadecabacter falls within the Casjensviridae 

family 

In the whole-genome based proteomic tree, the new roseophage ICBM156 clustered in a VGC 

together with phages of the ICTV-recognized Casjensviridae family (VGC_9) (Fig. 28). The 

previously characterized Casjensviridae in this VGC infect bacteria from 

Gammaproteobacteria, Betaproteobacteria, Cyanophyceae and Alphaproteobacteria 

(Loktanella). The have been isolated from diverse habitats, such as seawater, freshwater lakes, 

sewage, soil and agricultural samples. All viruses with confirmed morphology are siphoviruses 

(Table 20).  

Phage ICBM156 distantly grouped into a separate cluster, together with other marine 

(roseo-) phages (Fig. 28, Table 20). It comprised eight Rhodobacter phages, five Ruegeria 

phages, Loktanella phage pCB2051_A, Synechococcus virus S_ESS1, Rhizobium phage 

RHph_X2_30 and our phage ICBM156. The only previously assigned Casjensviridae were 

Loktanella phage pCB2051_A and Synechococcus virus S_ESS1. These two phages shared 

more than 30% PC-based intergenomic similarity with phage ICBM156 (Fig. 30), but phage 

pCB2051_A clustered further apart in the proteomic tree (Fig. 28). Nevertheless, ICBM156, 

S_ESS1 and pCB2051_A could potentially belong to one subfamily. Phage ICBM156 was 
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isolated from seawater sample HE504-33, infecting Octadecabacter sp. MM282. With the 

maximum nucleotide-based intergenomic identity to other phages accounting for 29.3%, 

Octadecabacter phage ICBM156 formed its own genus (Fig. 29). We tentatively named it here 

the “Octadecavirus” genus. We propose here Octadecabacter phage ICBM156 as member of 

the Casjensviridae family, in the new “Octadecavirus” genus. However, the PC-based 

intergenomic similarities (Fig. 30) indicate that this family might be split into smaller families 

in future classification procedures. 

Octadecabacter phage ICBM156 had a genome of ~60.8 kb and a G+C content of 61.7%. 

It encoded 76 ORFs, 34 of which could be annotated. Genome termini detection using 

PhageTerm (Garneau et al. 2017) revealed that the genome of Octadecabacter phage ICBM156 

had random ends (Table 15). The genome was organized in different modules, with the “DNA, 

RNA and nucleotide metabolism” module being split by the chosen genome ends (Fig. 31). The 

genes of this module comprised two DNA helicases (PC_629 and PC_687), a DNA polymerase 

(PC_626), a DNA topoisomerase (PC_669), an exonuclease (PC_691), a ribonucleotide 

reductase (PC_355), a dihydrofolate reductase (PC_664), a ssDNA binding protein (PC_624), 

a thymidylate synthase ThyX (PC_1) and a tRNA endonuclease (PC_628) (Table 21). “Head 

and packaging” genes included the capsid decoration protein (PC_635), the capsid maturation 

protease (PC_634), the major capsid protein (PC_636), the portal protein (PC_633) and the 

terminase small and large subunit (PC_630 and PC_631). Three “connectors” were encoded in 

the genome: head-tail adaptor protein Ad1 (PC_632), neck protein Ne1 (PC_639) and tail 

completion protein Tc1 (PC_640). Moreover, five tail proteins (PC_641, PC_642, PC_643, 

PC_644, PC_648 and PC_649), two tail assembly proteins (PC_353 and PC_645), two tail 

assembly chaperons (PC_646 and PC_647) and the tail length tape measure protein (PC_644) 

were annotated. One lysis gene, an endolysin was found (PC_354). In addition, the genome 

encoded a cysteine dioxygenase (PC_662) and a protease (PC_650). No tRNAs could be 

predicted. No genome replication and packaging strategy could be predicted by PhageTerm 

(Table 15). Furthermore, the annotated DNA polymerase was of no specific type. Virfam 

predicted a siphoviral morphology for ICBM156, which was also reflected by the annotation of 

the tail tape measure protein and the absence of a tail sheath (Tables 20 and 21). The possession 

of a gene coding for a Lambda repressor-like protein indicated that phage ICBM156 might have 

a lysogenic potential.  
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Fig. 28: Section of the whole-genome based proteomic tree showing VGC_9. Names of cultivated roseophages are marked in 

green (previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families and subfamilies, 

respectively. Genome lengths are displayed as bar chart.  
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Fig. 29: Nucleotide-based intergenomic identities of phages in the Casjensviridae family (VGC_9), calculated with VIRIDIC. 

Octadecabacter phage ICBM156 is marked in blue. Two phages that potentially form a subfamily with phage ICBM156 are 

marked with dashed-lined green boxes. 
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Fig. 30: PC-based intergenomic similarities of phages in the Casjensviridae family (VGC_9), calculated with VirClust (log e-

value clustering, matches kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). Octadecabacter phage 

ICBM156 is marked in blue. Two phages that potentially form a subfamily with phage ICBM156 are marked with dashed-

lined green boxes. 

 

 

Fig. 31: Genome map Octadecabacter phage ICBM156, member of VGC_9. 
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Table 21: Gene annotations of Octadecabacter phage ICBM156. Strand 1: forward orientation. Strand -1: reverse orientation. 

Hp = hypothetical protein. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Strand 
PC 

ID 
Protein function Category 

gene_1 1 559 559 1 624 ssDNA binding protein 
DNA, RNA and 

nucleotide metabolism 

gene_2 630 929 300 1 625 hp unknown 

gene_3 931 3039 2109 1 626 DNA polymerase 
DNA, RNA and 

nucleotide metabolism 

gene_4 3044 3367 324 1 627 hp unknown 

gene_5 3348 3668 321 1 628 tRNA endonuclease 
DNA, RNA and 

nucleotide metabolism 

gene_6 3665 5167 1503 1 629 DNA helicase 
DNA, RNA and 

nucleotide metabolism 

gene_7 5164 5847 684 1 630 terminase small subunit head and packaging 

gene_8 5822 7981 2160 1 631 terminase large subunit head and packaging 

gene_9 7981 8214 234 1 632 head-tail adaptor Ad1 connector 

gene_10 8215 9906 1692 1 633 portal protein head and packaging 

gene_11 9875 11260 1386 1 634 capsid maturation protease head and packaging 

gene_12 11305 11736 432 1 635 capsid decoration protein head and packaging 

gene_13 11781 12848 1068 1 636 major capsid protein head and packaging 

gene_14 12938 13309 372 1 637 hp unknown 

gene_15 13367 13705 339 1 638 hp unknown 

gene_16 13720 14319 600 1 639 neck protein Ne1 connector 

gene_17 14321 14875 555 1 640 tail completion Tc1 connector 

gene_18 14902 15684 783 1 641 tail protein tail 

gene_19 15704 16168 465 1 642 tail protein tail 

gene_20 16219 16398 180 1 643 tail protein tail 

gene_21 16408 21417 5010 1 644 tail length tape measure protein tail 

gene_22 21421 23211 1791 1 645 tail assembly protein tail 

gene_23 23208 24056 849 1 353 tail assembly protein tail 

gene_24 24070 24303 234 1 646 tail assembly chaperone tail 

gene_25 24300 24530 231 1 647 tail assembly chaperone tail 

gene_26 24514 27531 3018 1 648 tail protein tail 

gene_27 27535 30198 2664 1 649 tail protein tail 

gene_28 30195 32723 2529 1 650 protease other 

gene_29 32738 33688 951 1 437 hp unknown 

gene_30 33699 34853 1155 1 354 
endolysin (N-

acetylmuramidase) 
lysis 

gene_31 34840 35175 336 1 651 hp unknown 

gene_32 35090 35377 288 1 652 hp unknown 

gene_33 35378 35659 282 1 653 hp unknown 

gene_34 35704 36171 468 1 654 hp unknown 

gene_35 36174 36962 789 -1 352 DNA methylase N-4/N-6 anti-host defense 

gene_36 36959 37114 156 -1 655 hp unknown 

gene_37 37107 37295 189 -1 656 hp unknown 

gene_38 37292 37507 216 -1 657 hp unknown 

gene_39 37504 37773 270 -1 658 hp unknown 

gene_40 37805 38107 303 -1 659 hp unknown 

gene_41 38107 38763 657 -1 660 hp unknown 

gene_42 38764 39189 426 -1 661 hp unknown 

gene_43 39173 39751 579 -1 662 cystein dioxygenase other 
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gene_44 39850 40170 321 -1 663 hp unknown 

gene_45 40182 40604 423 -1 664 dihydrofolate reductase 
DNA, RNA and 

nucleotide metabolism 

gene_46 40591 40797 207 -1 665 hp unknown 

gene_47 40887 41858 972 -1 1 thymidylate synthase ThyX 
DNA, RNA and 

nucleotide metabolism 

gene_48 41855 42448 594 -1 666 hp unknown 

gene_49 42445 42711 267 -1 667 hp unknown 

gene_50 42704 42961 258 -1 668 hp unknown 

gene_51 42961 43986 1026 -1 669 DNA topoisomerase 
DNA, RNA and 

nucleotide metabolism 

gene_52 44154 46607 2454 -1 355 ribonucleotide reductase 
DNA, RNA and 

nucleotide metabolism 

gene_53 46684 46941 258 -1 670 hp unknown 

gene_54 46938 47594 657 -1 671 hp unknown 

gene_55 47594 47794 201 -1 672 hp unknown 

gene_56 47794 48078 285 -1 673 hp unknown 

gene_57 48080 48268 189 -1 301 hp unknown 

gene_58 48253 48717 465 -1 674 hp unknown 

gene_59 48772 48957 186 -1 675 hp unknown 

gene_60 49209 49703 495 -1 676 hp unknown 

gene_61 50079 50516 438 1 677 hp unknown 

gene_62 50499 50648 150 -1 678 hp unknown 

gene_63 50645 51511 867 -1 679 hp unknown 

gene_64 51580 52194 615 -1 680 hp unknown 

gene_65 52199 52609 411 -1 681 hp unknown 

gene_66 52631 53299 669 -1 682 hp unknown 

gene_67 53296 53493 198 -1 683 hp unknown 

gene_68 53484 53906 423 -1 684 hp unknown 

gene_69 53945 54157 213 -1 685 hp unknown 

gene_70 55050 55463 414 1 686 hp unknown 

gene_71 55403 58150 2748 -1 687 DNA helicase 
DNA, RNA and 

nucleotide metabolism 

gene_72 58272 58523 252 -1 688 Lambda repressor-like 
lytic/lysogenic 

regulation 

gene_73 58650 59060 411 1 689 hp unknown 

gene_74 59122 59409 288 1 690 hp unknown 

gene_75 59414 60664 1251 1 691 Exonuclease 
DNA, RNA and 

nucleotide metabolism 

gene_76 60674 60762 89 1 692 hp unknown 
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4.3.5.3. Two new Sulfitobacter infecting roseophages form a new subfamily within 

the Mesyanzhinoviridae family 

Two new roseophages grouped into a VGC with the family Mesyanzhinoviridae (Fig. 32). The 

VGC_11 comprised 46 phages, which had been isolated from diverse aquatic (seawater, 

freshwater) and terrestrial (sewage, soil) habitats (Table 22). The previously described phages 

of the Mesyanzhinoviridae infect Gammaproteobacteria (Pseudomonadales and 

Xanthomonadales) and Betaproteobacteria (Burkholderiales). Those family members with a 

confirmed morphology are siphoviruses (Table 22). 

The new roseophage isolates grouping into the Mesaynzhinoviridae formed a separate 

cluster together with Dinoroseobacter phage vB_DshS_R5C, a lytic siphovirus that had been 

isolated from seawater infecting Dinoroseobacter shibae DFL12T (Yang et al. 2017). The 

cluster showed a maximum PC-based intergenomic similarity with other Mesyanzhinoviridae 

of 12.0% (Fig. 34). Within this cluster, the minimum PC-based intergenomic similarity 

accounted for 49.3% (Fig. 34). Thus, we propose that this cluster represents a new subfamily 

of the Mesyanzhinoviridae, which we provisionally named here “Maresulfivirinae”, from the 

romanian word “mare” for “large”, as the family comprised largest Sulfitobacter phage 

genomes described so far. We expect that it will become a family on its own, when the 

Mesyanzhinoviridae family is divided into smaller families by future classification procedures. 

Four other roseophages clustered into this VGC (Ruegeria phage Tedan, Rhodobacter phage 

RcSimone_Hastad and Roseobacter phages RDJL_Phi_1 and RDJL_Phi_2). However, they 

belonged to a different subcluster than the “Maresulfivirinae” (Fig. 32). 

The two new roseophages in this family were ICBM129 and ICBM153 infecting 

Sulfitobacter strains M92 and M315, respectively. They originated from seawater samples NHS 

and P2, respectively (Table 22). According to their nucleotide-based intergenomic identity 

(NBII = 47.6%), both form a genus of their own (Fig. 33). We provisionally termed these genera 

here “Carlotavirus” (ICBM129) and “Annevirus” (ICBM153). 

The Sulfitobacter phages ICBM129 and ICBM153 had large genomes of 70.7 - 80.8 kb, 

57.7 - 57.8% G+C content and 98 - 116 predicted ORFs. From these genes, 45 - 47 could be 

functionally annotated. For both viruses, phageTerm analysis determined random genome ends 

(Table 15). This was reflected by the fact that with the chosen termini, the functional gene 

module “DNA, RNA and nucleotide metabolism” was being split in the depicted genome map 

(Fig. 35). This module comprised genes coding for the following proteins: a DNA polymerase 

I (PC_510), another DNA/RNA polymerase (PC_710, only in ICBM129), a DNA polymerase 
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processivity factor (PC_453), a DNA polymerase exonuclease subunit (PC_454), a clamp 

loader of the DNA polymerase (PC_508), an exonuclease (PC_502), a thymidylate synthase 

ThyX (PC_470), a DNA primase (PC_465), a 5'-3' deoxyribonucleotidase (PC_463) and a 

cobalamin-dependent ribonucleotide reductase (PC_355) (Table 24). In addition, five DNA 

helicases were found (PC_456, PC_504, PC_464, PC_469, and PC_501). “Head and 

packaging” proteins comprised a capsid morphogenesis protein (PC_490), capsid scaffolding 

protein (PC_489), major capsid protein (PC_488), portal protein (PC_492), two structural 

proteins (PC_477 and PC_478) and the terminase large subunit (PC_82). Further 

morphogenesis genes were the neck protein Ne1 (PC_483), the tail completion protein Tc1 

(PC_482), two tail proteins (PC_475 and PC_481), a tail assembly chaperone (PC_480), two 

tail assembly proteins (PC_353 and PC_476) and the tail length tape measure protein (PC_479). 

In addition, the connectors head closure protein Hc1 (PC_484) and head-tail adaptor protein 

Ad1 (PC_485) were annotated. Two lysis genes were encoded in the genomes: a spanin 

(PC_472) and an endolysin (PC_354). Furthermore, a GTP cyclohydrolase (PC_459), a DNA 

transfer protein (PC_486), a dATP/dGTP pyrophosphohydrolase (PC_455) were encoded in 

both genomes. The genome of phage ICBM129 additionally contained a hemolysin gene 

(PC_702). The genome of phage ICBM153 possessed an additional peptide chain release factor 

(PC_760), a dCMP deaminase (PC_782) and a PhoH-like phosphate starvation-inducible 

protein (PC_113) (SI file S4-10). Moreover, genes coding for queuosine (Que) biosynthesis 

proteins were present in the genomes of Sulfitobacter phages ICBM129 and ICBM153 

(Table 24). Que is a hypermodified guanosine analogue in tRNAs (Asp, Asn, His, or Tyr) that 

leads to improved translation efficiency (El Yacoubi et al. 2012). Que or preQ0 (precursor 7-

cyano-7-deazaguanine) biosynthesis genes have been detected in phages and viral 

metagenomes before (Sabri et al. 2011; Holmfeldt et al. 2013; Kulikov et al. 2014), also in the 

genome of Dinoroseobacter phage vB_DshS_R5C (Yang et al. 2017). Recently, it was shown 

that they serve for the insertion of 7-deazaguanine derivatives into phage DNA, which is then 

protected against host restriction enzymes (Hutinet et al. 2017; Hutinet et al. 2019). All four 

required Que biosynthesis genes queCDEF (QueC-like queuosine biosynthesis gene, QueD-

like 6-pyruvoyl-tetrahydropterin synthase, QueE-like radical SAM domain and QueF-like 

queuosine biosynthesis gene) as well as a GTP cyclohydrolase and a queuine tRNA-

ribosyltransferase could be found in the genomes of Sulfitobacter phages ICBM129 and 

ICBM153. While in the genome of Sulfitobacter phage ICBM129 no tRNAs could be predicted, 

in the genome of Sulfitobacter phage ICBM153, seven tRNAs of seven different types were 

found (Table 23).  
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PhageTerm could not predict any replication and packaging strategy for these two phages 

(Table 15). The presence of a T7-like DNA polymerase I could point towards a T7-like 

bidirectional replication and DNA packaging technique. Gene annotations resembled the 

predicted siphoviral morphology, as tail completion protein Tc1 and tail length tape measure 

protein, but no tail sheath were annotated (Tables 22 and 24). Both genomes contained a 

Lambda-repressor like gene, indicating a lysogenic potential of the phages. The 

“Maresulfivirinae” phages shared 52 core proteins, with 36 of them being annotated (Table 25). 

The core proteins included the five queuosine biosynthesis proteins involved in anti-host 

defense.   

 

Fig. 32: Section of the whole-genome based proteomic tree showing VGC_11. Names of cultivated roseophages are marked 

in green (previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families and subfamilies, 

respectively. Genome lengths are displayed as bar chart.  
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Fig. 33: Nucleotide-based intergenomic identities of phages in VGC_11, calculated with VIRIDIC. Members of the newly 

proposed genera “Carlotavirus” and “Annevirus”, the existing genus Nanhaivirus, and the newly proposed subfamily 

“Maresulfivirinae” of the family Mesyanzhinoviridae are annotated with a blue box and colored labels. 
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Fig. 34: PC-based intergenomic similarities of phages in VGC_11, calculated with VirClust (log e-value clustering, matches 

kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). Members of the newly proposed subfamily 

“Maresulfivirinae” of the family Mesyanzhinoviridae are annotated with a blue box. 

 

Table 23: tRNAs found in the genome of Sulfitobacter phage ICBM153. 

Phage tRNA_# tRNA_Begin tRNA_End tRNA_Type 

Sulfitobacter phage ICBM153 1 51850 51776 Gln 

Sulfitobacter phage ICBM153 2 51518 51441 Thr 

Sulfitobacter phage ICBM153 3 51222 51149 Gly 

Sulfitobacter phage ICBM153 4 50993 50915 Glu 

Sulfitobacter phage ICBM153 5 50798 50723 Asn 

Sulfitobacter phage ICBM153 6 50717 50641 Met 

Sulfitobacter phage ICBM153 7 50386 50311 Phe 
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Fig. 35: Genome map of Sulfitobacter phages ICBM129 and ICBM153. 

 

Table 24: Gene annotations of Sulfitobacter phage ICBM129. Strand 1: forward orientation. Strand -1: reverse orientation. Hp = 

hypothetical protein. *Core protein of the phages in the “Maresulfivirinae”. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 1 159 159 -1 451 
QueE-like  radical SAM 

domain 
Anti-host defense 

gene_2 159 545 387 -1 452* hp* unknown 

gene_3 557 1519 963 -1 453* 
DNA polymerase 

processivity factor* 
DNA, RNA and nucleotide metabolism 

gene_4 1524 2174 651 -1 454* 
DNA polymerase 

exonuclease subunit* 
DNA, RNA and nucleotide metabolism 

gene_5 2167 2604 438 -1 455* 
dATP/dGTP 

pyrophosphohydrolase* 
other 

gene_6 2597 3808 1212 -1 456* Dda-like helicase* DNA, RNA and nucleotide metabolism 

gene_7 3808 3930 123 -1 697 hp unknown 

gene_8 3930 5231 1302 -1 457* 
queuine tRNA-

ribosyltransferase* 
Anti-host defense 

gene_9 5231 5425 195 -1 698 hp unknown 

gene_10 5506 6030 525 -1 458* 
QueF-like queuosine 

biosynthesis gene* 
Anti-host defense 

gene_11 6090 6650 561 -1 459* GTP cyclohydrolase* other 

gene_12 6659 7495 837 -1 460* 
QueC-like queuosine 

biosynthesis* 
Anti-host defense 

gene_13 7626 8252 627 -1 461* hp* unknown 

gene_14 8275 8445 171 -1 699 hp unknown 

gene_15 8531 8980 450 -1 462* 

QueD-like  6-pyruvoyl-

tetrahydropterin 

synthase* 

Anti-host defense 

gene_16 8982 9563 582 -1 463* 
5'-3' 

deoxyribonucleotidase* 
DNA, RNA and nucleotide metabolism 

gene_17 9560 11080 1521 -1 464* DNA helicase* DNA, RNA and nucleotide metabolism 

gene_18 11067 12785 1719 -1 465* DNA primase* DNA, RNA and nucleotide metabolism 

gene_19 12860 13741 882 -1 466* hp* unknown 

gene_20 13769 14311 543 -1 467* hp* unknown 

gene_21 14313 14657 345 -1 468* hp* unknown 

gene_22 14693 16462 1770 -1 469* DNA helicase* DNA, RNA and nucleotide metabolism 

gene_23 16462 17319 858 -1 470* 
thymidylate synthase 

ThyX* 
DNA, RNA and nucleotide metabolism 

gene_24 17724 17918 195 1 471* Lambda repressor-like* lytic/lysogenic regulation 

gene_25 17905 18213 309 -1 472* Spanin* lysis 
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gene_26 18107 18466 360 -1 473* hp* unknown 

gene_27 18463 19158 696 -1 700 hp unknown 

gene_28 19155 19577 423 -1 474 hp unknown 

gene_29 19577 22165 2589 -1 475 tail protein tail 

gene_30 22162 22971 810 -1 353 tail assembly protein tail 

gene_31 22972 24672 1701 -1 476 tail assembly protein tail 

gene_32 24672 25736 1065 -1 477 structural protein head and packaging 

gene_33 25738 27243 1506 -1 478 structural protein head and packaging 

gene_34 27243 30203 2961 -1 479* 
tail length tape measure 

protein* 
tail 

gene_35 30561 30986 426 -1 480* tail assembly chaperone* tail 

gene_36 31112 32311 1200 -1 481* tail protein* tail 

gene_37 32330 32737 408 -1 482* tail completion Tc1* tail 

gene_38 32734 33144 411 -1 483* neck protein Ne1* tail 

gene_39 33137 33511 375 -1 484* head closure Hc1* connector 

gene_40 33508 33990 483 -1 485* head-tail adaptor Ad1* connector 

gene_41 34083 35741 1659 -1 486* DNA transfer protein* other 

gene_42 35810 36343 534 -1 701 hp unknown 

gene_43 36330 36599 270 -1 702 hemolysin other 

gene_44 36671 36922 252 -1 487* hp* unknown 

gene_45 36998 38218 1221 -1 488* major capsid protein* head and packaging 

gene_46 38296 39075 780 -1 489* 
capsid scaffolding 

protein* 
head and packaging 

gene_47 39302 39802 501 1 703 hp unknown 

gene_48 40085 41047 963 -1 354 
endolysin (N-

acetylmuramidase) 
lysis 

gene_49 41087 42199 1113 -1 490* 
capsid morphogenesis 

protein* 
head and packaging 

gene_50 42471 44324 1854 -1 355* ribonucleotide reductase* DNA, RNA and nucleotide metabolism 

gene_51 44526 45350 825 1 491* hp* unknown 

gene_52 45386 46906 1521 -1 492* portal protein* head and packaging 

gene_53 46906 47049 144 -1 704 hp unknown 

gene_54 47188 47427 240 1 493 hp unknown 

gene_55 47496 47756 261 1 705 hp unknown 

gene_56 47756 47992 237 1 494 hp unknown 

gene_57 47989 48138 150 1 706 hp unknown 

gene_58 48149 48412 264 1 707 hp unknown 

gene_59 48409 48951 543 1 495 hp unknown 

gene_60 48948 49172 225 1 708 hp unknown 

gene_61 49224 49448 225 1 709 hp unknown 

gene_62 49445 50056 612 1 710 DNA/RNA pol DNA, RNA and nucleotide metabolism 

gene_63 50053 50388 336 1 711 hp unknown 

gene_64 50385 51080 696 1 712 hp unknown 

gene_65 51133 51318 186 -1 713 hp unknown 

gene_66 51374 51580 207 -1 714 hp unknown 

gene_67 51671 53143 1473 -1 82* terminase large subunit* head and packaging 

gene_68 53258 53488 231 1 715 hp unknown 

gene_69 53571 53894 324 -1 496* hp* unknown 

gene_70 53887 54141 255 -1 716* hp* unknown 

gene_71 54138 54578 441 -1 497* hp* unknown 

gene_72 55306 55443 138 -1 717 hp unknown 
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gene_73 55443 55568 126 -1 498 hp unknown 

gene_74 55658 56497 840 -1 718 hp unknown 

gene_75 56548 56907 360 -1 499 hp unknown 

gene_76 56904 57176 273 -1 719 hp unknown 

gene_77 57119 57280 162 -1 720 hp unknown 

gene_78 57277 57918 642 -1 721 hp unknown 

gene_79 57918 58181 264 -1 722 hp unknown 

gene_80 58165 59283 1119 -1 500 hp unknown 

gene_81 59286 59507 222 -1 723 hp unknown 

gene_82 59553 59732 180 -1 724 hp unknown 

gene_83 59862 60317 456 -1 501* DNA helicase* DNA, RNA and nucleotide metabolism 

gene_84 60299 60838 540 -1 725 hp unknown 

gene_85 60835 61413 579 -1 502* Exonuclease* DNA, RNA and nucleotide metabolism 

gene_86 61410 62093 684 -1 503* hp* unknown 

gene_87 62109 62282 174 -1 726 hp unknown 

gene_88 62282 62632 351 -1 727 hp unknown 

gene_89 62632 64287 1656 -1 504* DNA helicase DNA, RNA and nucleotide metabolism 

gene_90 64348 64572 225 -1 728 hp unknown 

gene_91 64572 65456 885 -1 729 hp unknown 

gene_92 65479 65970 492 -1 505* hp* unknown 

gene_93 66036 66623 588 -1 506* hp* unknown 

gene_94 66697 66945 249 -1 507* hp* unknown 

gene_95 66945 67868 924 -1 508* 
clamp loader of DNA 

polymerase* 
DNA, RNA and nucleotide metabolism 

gene_96 67843 68082 240 -1 509* hp* unknown 

gene_97 68079 70076 1998 -1 510* DNA polymerase I* DNA, RNA and nucleotide metabolism 

gene_98 70079 70738 660 -1 511* 
QueE-like  radical SAM 

domain* 
Anti-host defense 
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Table 25: Core proteins of the newly proposed subfamily “Maresulfivirinae” in the family Mesyanzhinoviridae. *maximum 

number of predicted ORFs divided by number of core proteins. 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional category) 

Percentage 

core 

proteins / 

total 

ORFs* 

98-116 52 36 

DNA, RNA and nucleotide metabolism: DNA polymerase 

(PC_510), DNA polymerase processivity factor (PC_453), DNA 

polymerase exonuclease subunit (PC_454), clamp loader of DNA 

polymerase (PC_508), exonuclease (PC_502), Dda-like helicase 

(PC_456), 5'-3' deoxyribonucleotidase (PC_463), DNA helicases 

(PC_464, PC_501 and PC_504), DNA primase (PC_465), DNA 

helicase (PC_469), thymidylate synthase ThyX (PC_470), and 

ribonucleotide reductase (PC_355) 

Head and packaging: major capsid protein (PC_488), capsid 

scaffolding protein (PC_489), capsid morphogenesis protein 

(PC_490), portal protein (PC_492), terminase large subunit 

(PC_82) 

Connector: head closure protein Hc1 (PC_484) and the head-tail 

adaptor Ad1 (PC_485) 

Tail: tail length tape measure protein (PC_479), tail assembly 

chaperone (PC_480), tail protein (PC_481), tail completion Tc1 

(PC_482), neck protein Ne1 (PC_483) 

Lysis: spanin (PC_472) 

Lytic/lysogenic regulation: Lambda repressor-like protein 

(PC_471), 

Anti-host defense: queuine tRNA-ribosyltransferase (PC_457), 

QueF-like queuosine biosynthesis gene (PC_458), QueC-like 

queuosine biosynthesis (PC_460), QueD-like  6-pyruvoyl-

tetrahydropterin synthase (PC_462), QueE-like  radical SAM 

domain (PC_511) 

Other: dATP/dGTP pyrophosphohydrolase (PC_455), GTP 

cyclohydrolase (PC_459), DNA transfer protein (PC_486) 

44.83% 
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4.3.5.4. “Hayaniviridae” and “Schlingloffviridae” - two new families of lytic 

roseophages 

One viral genome cluster consisted only of roseophages (VGC_25). It comprised eight of our 

new isolates and Roseophage CRP-6 (Zhang et al. 2019b) (Fig. 36). Caulobacter phage Sansa 

(KT001913.1) distantly clustered within this VGC, too. However, it was earlier classified as 

member of the Casjensviridae family and both, the intergenomic identities calculated with 

VIRIDIC (Moraru et al. 2020) (Fig. 37a) and the hierarchical clustering based on shared protein 

content determined with VirClust (Moraru 2023) (SI file S4-13), suggested a misclustering due 

to long branch attraction. The phage was not included in the further classification. 

The phages in this VGC formed two distinct subclusters, sharing less than 20% PC-based 

intergenomic similarity with each other (Fig. 36 and 37b). Within the two clusters, the 

minimum PC-based intergenomic similarity was 74.1 and 75.0%, respectively. Therefore, we 

suggest referring to them as two potential phage families, which we named here 

“Hayaniviridae” family and “Schlingloffviridae” family.  

The “Hayaniviridae” family contained six phages (ICBM21, ICBM13, ICBM16, 

ICBM47, ICBM23 and ICBM25) infecting closely related Sulfitobacter strains (Table 26). 

They were representatives of the large “sulfivirus” cluster, which will be analyzed in more 

detail in chapter 5. The six phages have been isolated from four different water samples (P1, 

P2, P4 and NHS) (Table 26). Based on their nucleotide-based intergenomic identities (NBII), 

all six phages formed one genus (Fig. 37a). We provisionally termed this genus here 

“Sulfivirus” genus. Each of the phages represented its own species (70.3% ≤ NBII ≤ 86.3%) 

(Fig. 37a). Members of the “Schlingloffviridae” family comprised two phages infecting 

Lentibacter sp. SH36 (ICBM7 and ICBM166) as well as Roseophage CRP-6 (Zhang et al. 

2019b) (Table 26). Both Lentibacter phages have been isolated from North Sea water samples, 

but from different years (HE440-S, HE504-33). Phage CRP-6 has been isolated from the 

subtropical Pingtan coast in China, infecting Roseobacter strain FZCC0042, which belongs to 

the RCA cluster (Table 26). All three phages belonged to one genus, based on their nucleotide-

based intergenomic identity (NBII ≥ 76.8) (Fig. 37a). We provisionally called this genus here 

“Falkvirus” genus. Each of the phages represented its own species (76.8% ≤ NBII ≤ 88.4%).  

Genome composition of the “Hayaniviridae” family 

Phages of the “Hayaniviridae” family had genome lengths of 52.4 - 55.6 kb and a G+C 

content of 44.6 - 45.0, with 86 - 93 predicted ORFs (Table 26). Out of these genes, 28 - 30 

could be annotated (Table 28). PhageTerm analysis indicated the presence of short direct 



Isolation and classification of roseophages 

146 

 

terminal repeats (DTRs) of 306 to 330 bp at the genome ends (Table 15). The genomes had a 

modular architecture with two major arms, the left arm encoding genes on the forward strand, 

the right arm on the reverse strand. In addition, there were a few genes (5-10) on the reverse 

strand at the very beginning of the genome, which could only be annotated as hypothetical 

(Fig. 38). The DNA replication and nucleotide metabolism module located on the left genomic 

arm comprised a DNA primase/helicase (PC_200 or PC_306), a DNA polymerase I (PC_94), 

a thymidylate synthase ThyX (PC_1), an exonuclease (PC_90) and a cobalamin-dependent 

ribonucleotide reductase (PC_300, PC_5223 or PC_525) (Table 28). Phages ICBM13, 

ICBM23, ICBM25 and ICBM47 had a second DNA polymerase (PC_375 or PC_731) encoded 

and in the genome of ICBM25, an RNA ligase (PC_805) and a polynucleotide kinase (PC_806) 

were additionally annotated. The genomes had varying numbers of HNH endonucleases 

endoded in their genomes, which differed also in their positions (Fig. 38, SI file S4-10). On the 

right genomic arm, there were the morphology and the lysis module encoded. An endolysin 

(PC_3) was encoded close to the center of the genome. The structural genes comprised the 

major capsid protein (PC_104), the portal protein (PC_105), a capsid maturation protease 

(PC_196) and another capsid protein (PC_151) as well as the terminase large subunit (PC_82) 

(Table 28). Furthermore, the head closure protein Hc1 (PC_101), tail completion protein Tc1 

(PC_100), a tail fiber protein (PC_2), a minor tail protein (PC_99), a tail length tape measure 

protein (PC_310 or PC_522) were annotated. Another protein in the tail module was annotated 

either as a concanavalin A-like lectin/glucanase (PC_368 in ICBM13, ICBM16, and ICBM23), 

as hydrolase/lipase (PC_359 in ICBM25) or as tail fiber protein (PC_790 in ICBM21). In 

addition, a heat-shock protein DnaJ (PC_168), a metallo-phosphoesterase (PC_96) and a 

nucleotide pyrophosphohydrolase (PC_181) were found (Table 28). Different numbers of DNA 

methylases were encoded in the genomes, which are likely involved in strategies to circumvent 

host defense. Searching the genomes of Sulfitobacter phages ICBM21 and ICBM47 with 

tRNAscan-SE (Lowe and Chan 2016), one asparagine - tRNA was predicted, respectively 

(Table 27). No tRNAs were found in the other phage genomes of this family.  

The presence of DTRs at the genome ends and a T7-like polymerase A indicated that the 

phages of the “Hayaniviridae” family use a T7-like bidirectional genome replication and 

packaging strategy (Tables 15 and 28). A siphoviral morphology with an icosahedral capsid 

and a long, non-contractile tail was predicted by Virfam. It was also resembled by the gene 

annotations (tail length tape measure protein and tail completion protein Tc1 present, no tail 

sheath) (Table 28). The fact that no lysogeny-related proteins have been annotated suggests that 

these phages are strictly lytic. The phages of the “Hayaniviridae” family shared 63 core 
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proteins, including 20 with an annotated function that belonged to all functional categories 

(Table 30).  

Genome composition of the “Schlingloffviridae” family 

The two Lentibacter phages of the “Schlingloffviridae” family (ICBM7 and ICBM166) 

had genome lengths of 44.9 - 45.6 kb and a G+C content of 47.1 - 47.4% with 72 - 73 predicted 

ORFs (Table 26). In both genomes, 31 of the genes could be annotated (Table 29). Short DTRs 

(109 bp) were predicted at the genome ends (Table 15). The genomes were organized in two 

arms (Fig. 38). On the left arm (forward strand), mainly genes of the DNA, RNA and nucleotide 

metabolism were annotated, comprising a thymidylate synthase (PC_1), an RNA polymerase 

sigma factor (PC_398), a DNA primase/helicase (PC_200), a DNA polymerase I (PC_94), an 

exonuclease (PC_90), an endonuclease (PC_148), a ribonucleotide reductase (PC_5) and a 

glutaredoxin (PC_150) (Table 29). The right arm of the genomes (reverse strand) encoded the 

structural module containing the portal protein (PC_105), the major capsid protein (PC_104), 

a capsid scaffolding protein (PC_414) and the terminase large subunit (PC_82) as well as two 

connectors (tail completion Tc1 (PC_100), head closure Hc1 (PC_101)). In addition, three tail 

proteins (PC_410, PC_411, and PC_423)), two tail fiber proteins (PC_408 and PC_422)), a tail 

length tape measure protein (PC_412), and a minor tail protein (PC_99) were annotated 

(Table 29). Two endolysin-encoding genes were present in both genomes (PC_95 and PC_146). 

In addition, genes coding for a bifunctional heptose 7-phosphate kinase / heptose 1-phosphate 

adenyltransferase (PC_389), a transcriptional regulator (Trp repressor; PC_334), a metallo-

phosphoesterase (PC_96), as well as a MazG-like pyrophosphatase (PC_149) and PhoH-like 

phosphate starvation-inducible protein (PC_113) were encoded. The genomes of Lentibacter 

phages ICBM7 and ICBM166 contained two proteins involved in anti-host defense: a SaV-like 

protein (PC_397), which is involved in the sensitivity to the host abortive infection mechanism 

AbiV (Haaber et al. 2009), and a S-adenosyl-L-methionine-dependent methyltransferase 

(PC_402), which can serve for protection against restriction-modification systems (Murphy et 

al. 2013) (Table 29). In addition, an AMG was found coding for a 2OG-Fe(II) oxygenase 

(PC_419). In cyanophages, this enzyme is thought to affect the nitrogen metabolism of the host 

during infection (Sullivan et al. 2010; Wang et al. 2022). No tRNAs were predicted in these 

phage genomes. 

As phage ICBM7 and ICBM166 possessed DTRs at the genome termini and encoded a 

T7-like DNA polymerase I, a T7-like bidirectional genome replication and packaging technique 

can be suspected (Tables 15, 28, and 29). For Phage CRP-6, genome ends and packaging 

strategy are not described (Zhang et al. 2019b). The annotation of a tail length tape measure 
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protein and the tail completion protein Tc1 and the absence of a tail sheath matched the 

prediction of a siphoviral morphology by Virfam (Lopes et al. 2014) (Tables 28 and 29). Phage 

CRP-6 was described as having a podoviral morphology with an icosahedral capsid and a short 

tail (Zhang et al. 2019b). This would mean there were two different tail morphologies within 

one genus. Virfam analysis of the CRP-6 genome could now specify a gene that the authors 

annotated as” hypothetical protein” as the tail completion protein Tc1, which indicates that 

phage CRP-6 actually also has a long tail morphology. A siphoviral structure was predicted 

(Table 26). The podoviral morphology observed by transmission electron microscopy could 

potentially be due to loss of the phage tails in the course of sample preparation. As no lysogeny-

related proteins have been annotated in these genomes, a strictly lytic lifestyle of the phages 

can be suspected. The phages of the “Schlingloffviridae” family shared 54 core proteins, 

including 31 with an annotated function (Table 30).  

 

Fig. 36:  Section of the whole-genome based proteomic tree showing VGC_25. Names of cultivated roseophages are marked 

in green (previous) and blue (this study). Genome lengths are displayed as bar chart.  
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Fig. 37:  Internal clustering of VGC_25. A Nucleotide-based intergenomic identities calculated 

with VIRIDIC. B PC-based intergenomic similarities calculated with VirClust (log e-value 

clustering, matches kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). The 

newly proposed families “Hayaniviridae” and “Schlingloffviridae” are annotated with colored 

boxes. 
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Table 27: tRNAs found in the genomes of “Sulfivirus” phages. 

Phage tRNA_# tRNA_Begin tRNA_End tRNA_Type 

Sulfitobacter phage ICBM21 1 50164 50088 Asn 

Sulfitobacter phage ICBM47 1 50941 50865 Asn 

 

 

Fig. 38: Genome maps of VGC_25. A Phages of the “Hayaniviridae” family. B Phages of the “Schlingloffviridae” family. 

 

Table 28: Gene annotations of Lentibacter phage ICBM16. Strand 1: forward orientation. Strand -1: reverse orientation. Hp = 

hypothetical protein. *Core proteins of phages in the “Hayaniviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 595 810 216 -1 515 hp unknown 

gene_2 810 1028 219 -1 156* hp* unknown 
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gene_3 1025 1357 333 -1 157* hp* unknown 

gene_4 1381 1641 261 -1 158* hp* unknown 

gene_5 1641 1823 183 -1 364 hp unknown 

gene_6 1839 2501 663 -1 257 hp unknown 

gene_7 2533 2703 171 -1 159* hp* unknown 

gene_8 2746 2970 225 -1 370 hp unknown 

gene_9 3553 4104 552 1 155* HNH endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_10 4190 4474 285 1 371 hp unknown 

gene_11 4565 4780 216 1 516 hp unknown 

gene_12 4822 5016 195 1 160* hp* unknown 

gene_13 5019 5204 186 1 161* hp* unknown 

gene_14 5194 5475 282 1 162* hp* unknown 

gene_15 5477 5872 396 1 163* hp* unknown 

gene_16 5933 6379 447 1 164* hp* unknown 

gene_17 6376 6705 330 1 165* hp* unknown 

gene_18 6702 6953 252 1 166* hp* unknown 

gene_19 6968 7459 492 1 512 hp unknown 

gene_20 7526 8083 558 1 167* hp* unknown 

gene_21 8444 8785 342 1 517 hp unknown 

gene_22 8782 9141 360 1 258 hp unknown 

gene_23 9138 9857 720 1 351 DNA methylase N-4/N-6 anti-host defense 

gene_24 9854 10438 585 1 305 HNH endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_25 10435 12105 1671 1 200 DNA primase/helicase 
DNA, RNA and nucleotide 

metabolism 

gene_26 12105 12431 327 1 168* heat-shock protein DnaJ* unknown 

gene_27 12443 12640 198 1 518 hp unknown 

gene_28 12640 12813 174 1 519 hp unknown 

gene_29 12825 13070 246 1 372 hp unknown 

gene_30 13054 13209 156 1 259 hp unknown 

gene_31 13206 15095 1890 1 94* DNA polymerase I* 
DNA, RNA and nucleotide 

metabolism 

gene_32 15079 15834 756 1 260 
C-5 cytosine 

methyltransferase 
anti-host defense 

gene_33 15949 16122 174 1 169* hp* unknown 

gene_34 16137 16472 336 1 170* hp* unknown 

gene_35 16509 17072 564 1 147* hp* unknown 

gene_36 17072 17311 240 1 171* hp* unknown 

gene_37 17304 17522 219 1 172* hp* unknown 

gene_38 17519 17677 159 1 173* hp* unknown 

gene_39 17677 17880 204 1 174* hp* unknown 

gene_40 17996 18835 840 1 1* 
thymidylate synthase 

ThyX* 

DNA, RNA and nucleotide 

metabolism 

gene_41 18832 18975 144 1 308 hp unknown 

gene_42 18972 19703 732 1 90* Exonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_43 19700 20071 372 1 175* HNH endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_44 20132 20449 318 1 176* hp* unknown 

gene_45 20446 20721 276 1 177* hp* unknown 

gene_46 20711 20911 201 1 178* hp* unknown 

gene_47 20918 21316 399 1 179* HNH endonuclease* 
DNA, RNA and nucleotide 

metabolism 
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gene_48 21316 22083 768 1 96* metallo-phosphoesterase* other 

gene_49 22080 22742 663 1 180* DNA methyltransferase* anti-host defense 

gene_50 23062 23439 378 1 181* 
nucleotide 

pyrophosphohydrolase* 
other 

gene_51 23436 23723 288 1 182* hp* unknown 

gene_52 23749 25452 1704 1 300 
Cobalamin-dependent 

ribonucleotide reductase 

DNA, RNA and nucleotide 

metabolism 

gene_53 25636 26094 459 1 520 HNH endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_54 26135 26737 603 1 183* hp* unknown 

gene_55 26734 27003 270 1 184* hp* unknown 

gene_56 27006 27236 231 1 185* hp* unknown 

gene_57 27260 27562 303 1 186* hp* unknown 

gene_58 27559 28023 465 1 187* hp* unknown 

gene_59 28030 28344 315 1 783 hp unknown 

gene_60 28341 28619 279 1 784 hp unknown 

gene_61 28719 28922 204 -1 188* hp* unknown 

gene_62 28885 29124 240 -1 189* hp* unknown 

gene_63 29121 29330 210 -1 190* hp* unknown 

gene_64 29290 29766 477 -1 191* hp* unknown 

gene_65 29763 29957 195 -1 192* hp* unknown 

gene_66 30336 30638 303 -1 193* hp* unknown 

gene_67 30631 31176 546 -1 3* 
endolysin (lysozyme-

peptidase)* 
lysis 

gene_68 31173 31454 282 -1 261 hp unknown 

gene_69 31454 32032 579 -1 194* hp* unknown 

gene_70 32054 33853 1800 -1 2* tail fiber protein* tail 

gene_71 33846 34637 792 -1 152* hp* unknown 

gene_72 34659 37157 2499 -1 310 
tail length tape measure 

protein 
tail 

gene_73 37169 37435 267 -1 97* hp* unknown 

gene_74 37531 37905 375 -1 98* hp* unknown 

gene_75 38039 38959 921 -1 99* minor tail protein* tail 

gene_76 38984 39391 408 -1 100* tail completion Tc1* connector 

gene_77 39388 39777 390 -1 195* hp* unknown 

gene_78 39810 40169 360 -1 101* head closure Hc1* connector 

gene_79 40169 40618 450 -1 102* hp* unknown 

gene_80 40638 41090 453 -1 103* hp* unknown 

gene_81 41156 42124 969 -1 104* major capsid protein* head and packaging 

gene_82 42139 42519 381 -1 151* capsid protein* head and packaging 

gene_83 42527 43942 1416 -1 196* capsid maturation protease* head and packaging 

gene_84 43952 45388 1437 -1 105* portal protein* head and packaging 

gene_85 45425 45988 564 -1 117 hp unknown 

gene_86 45985 46698 714 -1 514 hp unknown 

gene_87 46702 49383 2682 -1 368 
Concanavalin A-like 

lectins/glucanases 
tail 

gene_88 49399 50820 1422 -1 82* terminase large subunit* head and packaging 

gene_89 50913 51323 411 -1 106* hp* unknown 

gene_90 52303 52491 189 -1 197* hp* unknown 

gene_91 52565 52690 126 -1 369 hp unknown 
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Table 29: Gene annotations of Lentibacter phage ICBM7. Gene annotations for Lentibacter phage ICBM166 are almost 

identical, there is just one hypothetical gene less prior to the phosphate kinase. Strand 1: forward orientation. Strand -1: reverse 

orientation. Hp = hypothetical protein. *Core proteins of phages in the “Schlingloffviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 254 394 141 -1 385 hp unknown 

gene_2 399 611 213 -1 386 hp unknown 

gene_3 608 790 183 -1 570 hp unknown 

gene_4 1116 1793 678 -1 571 hp unknown 

gene_5 1793 2011 219 -1 387 hp unknown 

gene_6 2270 2440 171 1 388 hp unknown 

gene_7 2533 2742 210 1 572 hp unknown 

gene_8 2799 3194 396 1 389* 

bifunctional heptose 7-

phosphate kinase/heptose 1-

phosphate adenyltransferase* 

other 

gene_9 3184 3324 141 1 390* hp* unknown 

gene_10 3308 3631 324 1 391* hp* unknown 

gene_11 3631 3888 258 1 392* hp* unknown 

gene_12 3941 4345 405 1 146* 
endolysin (cell wall 

hydrolase)* 
lysis 

gene_13 4515 4685 171 1 285 hp unknown 

gene_14 4685 5377 693 1 1* thymidylate synthase ThyX* 
DNA, RNA and nucleotide 

metabolism 

gene_15 5367 5537 171 1 393 hp unknown 

gene_16 5534 5719 186 1 394 hp unknown 

gene_17 5716 5865 150 1 215 hp unknown 

gene_18 5887 6036 150 1 112 hp unknown 

gene_19 6029 6424 396 1 4 hp unknown 

gene_20 6424 7053 630 1 573 hp unknown 

gene_21 7055 7342 288 1 395 hp unknown 

gene_22 7335 7505 171 1 396* hp* unknown 

gene_23 7498 7704 207 1 334* Trp repressor* transcriptional regulation 

gene_24 7697 8005 309 1 397* SaV-like* unknown 

gene_25 8002 8517 516 1 398* 
RNA polymerase sigma 

factor* 

DNA, RNA and nucleotide 

metabolism 

gene_26 8617 10188 1572 1 200* DNA primase/helicase* 
DNA, RNA and nucleotide 

metabolism 

gene_27 10185 12023 1839 1 94* DNA polymerase I* 
DNA, RNA and nucleotide 

metabolism 

gene_28 12104 12655 552 1 399* hp* unknown 

gene_29 12667 12867 201 1 400* hp* unknown 

gene_30 12868 13587 720 1 90* Exonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_31 13548 13946 399 1 148* Endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_32 13934 14167 234 1 401* hp* unknown 

gene_33 14160 14924 765 1 96* metallo-phosphoesterase* other 

gene_34 14917 15462 546 1 402* 
S-adenosyl-L-methionine-

dependent methyltransferase* 
anti-host defense 

gene_35 15459 15806 348 1 149* MazG-like pyrophosphatase* other 

gene_36 15803 15985 183 1 216* hp* unknown 

gene_37 15982 17889 1908 1 5* ribonucleotide reductase* 
DNA, RNA and nucleotide 

metabolism 

gene_38 18011 18247 237 1 150* Glutaredoxin* 
DNA, RNA and nucleotide 

metabolism 
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gene_39 18247 18951 705 1 113* 
PhoH-like phosphate 

starvation-inducible protein* 
other 

gene_40 18948 19100 153 1 403* hp* unknown 

gene_41 19159 19527 369 -1 404 hp unknown 

gene_42 19531 19824 294 -1 405* hp* unknown 

gene_43 19814 20287 474 -1 406* hp* unknown 

gene_44 20293 20718 426 -1 95* 
endolysin (L-alanyl-D-

glutamate peptidase)* 
lysis 

gene_45 20722 21432 711 -1 407 hp unknown 

gene_46 21437 24121 2685 -1 408* tail fiber protein* tail 

gene_47 24108 24527 420 -1 409* hp* unknown 

gene_48 24506 25057 552 -1 410* tail protein* tail 

gene_49 25054 25644 591 -1 411* tail protein* tail 

gene_50 25644 27347 1704 -1 412* 
tail length tape measure 

protein* 
tail 

gene_51 27340 27645 306 -1 97* hp* unknown 

gene_52 27684 28082 399 -1 98* hp* unknown 

gene_53 28171 29070 900 -1 99* minor tail protein* tail 

gene_54 29088 29495 408 -1 100* tail completion Tc1* connector 

gene_55 29488 29901 414 -1 413* hp* unknown 

gene_56 29901 30242 342 -1 101* head closure Hc1* connector 

gene_57 30254 30700 447 -1 102* hp* unknown 

gene_58 30700 31077 378 -1 103* hp* unknown 

gene_59 31133 32113 981 -1 104* major capsid protein* head and packaging 

gene_60 32138 32509 372 -1 414* capsid scaffolding protein* head and packaging 

gene_61 32512 33327 816 -1 415* hp* unknown 

gene_62 33327 34016 690 -1 416* hp* unknown 

gene_63 34016 34339 324 -1 417* hp* unknown 

gene_64 34339 35607 1269 -1 418* hp* unknown 

gene_65 35617 37392 1776 -1 419* 2OG-Fe(II) oxygenase* 
moron, auxiliary metabolic 

gene and host takeover 

gene_66 37397 37777 381 -1 420 hp unknown 

gene_67 37774 38184 411 -1 421 hp unknown 

gene_68 38184 39659 1476 -1 422* tail fiber protein* tail 

gene_69 39696 41543 1848 -1 423* tail protein* tail 

gene_70 41554 41925 372 -1 424* hp* unknown 

gene_71 41925 43271 1347 -1 105* portal protein* head and packaging 

gene_72 43273 44559 1287 -1 82* terminase large subunit* head and packaging 

gene_73 44603 45043 441 -1 106* hp* unknown 
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Table 30: Core proteins of the newly proposed families “Hayaniviridae” and “Schlingloffviridae”. *maximum number of 

predicted ORFs divided by number of core proteins. 

Proposed 

family 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional 

category) 

Percentage 

core 

proteins / 

total 

ORFs* 

„H
ay

an
iv

ir
id

ae
“ 

86-93 63 20 

DNA, RNA and nucleotide metabolism: HNH 

endonuclease (PC_155), DNA polymerase I 

(PC_94), thymidylate synthase ThyX (PC_1), 

Exonuclease (PC_90), HNH endonuclease 

(PC_175), HNH endonuclease (PC_179), 

Head and packaging: major capsid protein 

(PC_104), capsid protein (PC_151), capsid 

maturation protease (PC_196), portal protein 

(PC_105), terminase large subunit (PC_82) 

Connector: head closure Hc1 (PC_101), tail 

completion Tc1 (PC_100), 

Tail: tail fiber protein (PC_2), minor tail protein 

(PC_99),  

Lysis: endolysin (lysozyme-peptidase) (PC_3), 

Anti-host defense: DNA methyltransferase 

(PC_180), 

Other: heat-shock protein DnaJ (PC_168), metallo-

phosphoesterase (PC_96), nucleotide 

pyrophosphohydrolase (PC_181) 

67.74% 

„S
ch

li
n
g
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ff

v
ir

id
ae

“ 

69-73 54 31 

DNA, RNA and nucleotide metabolism: thymidylate 

synthase ThyX (PC_1), RNA polymerase sigma 

factor (PC_398), DNA primase/helicase (PC_200), 

DNA polymerase I (PC_94), Exonuclease (PC_90), 

Endonuclease (PC_148), ribonucleotide reductase 

(PC_5), Glutaredoxin (PC_150), 

Head and packaging: major capsid protein 

(PC_104), capsid scaffolding protein (PC_414), 

portal protein (PC_105), terminase large subunit 

(PC_82), 

Connector: tail completion Tc1 (PC_100), head 

closure Hc1 (PC_101), 

Tail: tail fiber protein (PC_408), tail protein 

(PC_410), tail protein (PC_411), tail length tape 

measure protein (PC_412), minor tail protein 

(PC_99), tail fiber protein (PC_422), tail protein 

(PC_423), 

Lysis: endolysin (cell wall hydrolase) (PC_146), 

endolysin (L-alanyl-D-glutamate peptidase) 

(PC_95), 

Anti-host defense: S-adenosyl-L-methionine-

dependent methyltransferase (PC_402), 

Transcriptional regulation: Trp repressor (PC_334), 

Moron, AMG and host takeover: 2OG-Fe(II) 

oxygenase (PC_419), 

Other: bifunctional heptose 7-phosphate 

kinase/heptose 1-phosphate adenyltransferase 

(PC_389), metallo-phosphoesterase (PC_96), 

MazG-like pyrophosphatase (PC_149), PhoH-like 

phosphate starvation-inducible protein (PC_113), 

73.97% 
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4.3.5.5. The “Diferiteviridae” - a new family of lytic and potentially temperate 

roseophages infecting Lentibacter and Sulfitobacter 

Five of the new roseophages clustered into one VGC together with known roseophages 

infecting the genera Sulfitobacter (phiGT1, NYA 2014a, pCB2047-A, pCB2047-C), 

Octadecabacter (Antarctic DB virus 2) and Roseobacter (CRP 7) (Ankrah et al. 2014b; 

Luhtanen et al. 2018; Zhang et al. 2019a; Hwang et al. 2020). In addition, a number of Vibrio 

and Pseudomonas phages belonged to this VGC_19, which comprised 34 phages in total 

(Fig. 39, Table 31). The members originated from marine, freshwater and terrestrial habitats 

such as soil and sewage. Those phages with confirmed morphology information had a podoviral 

shape (Table 31).  

The new roseophages formed a separate cluster within this VGC_19 (Fig. 39). The 

maximum PC-based intergenomic similarity with other phages in this VGC was 17.9% 

(Fig. 41). Within their cluster, the minimum PC-based intergenomic similarity was 30.9% (with 

one exception of 20.4 % between two phages). Additionally taking into consideration that 

ICBM8 had similar ecological features predicted as the phage ICBM165, i.e. the fact that the 

phages infected the same host strain, had the same podoviral morphology and the same DNA 

packaging strategy predicted, phage ICBM8 was also included into this family. Thus, we 

propose here that the five new roseophages form a new family, which we tentatively named 

here “Diferiteviridae”, from the Romanian word “diferite” meaning “diverse”, because the 

members infected different host genera. 

The five new roseophages in this family were ICBM8, ICBM163 and ICBM165 infecting 

Lentibacter sp. SH36 and phages ICBM121 and ICBM122 infecting Sulfitobacter sp. M73 

(Table 31). Based on their nucleotide-based intergenomic identity (NBII) they clustered into 

three genera (Fig. 40). Lentibacter phage ICBM163 belonged to one genus together with 

Sulfitobacter phages ICBM121 and ICBM122 (NBII ≥ 75.2), which we provisionally called 

here “Benvirus”. The Sulfitobacter phages were almost identical to each other and belonged to 

one species. They have been isolated from the same water sample (P2) and with the same 

isolation host Sulfitobacter sp. M73 (Table 31). Phage ICBM163 infecting Lentibacter sp. 

SH36 was isolated from the same water sample (P2). The other two Lentibacter viruses ICBM8 

and ICBM165 belonged to two separate genera, which we tentatively named “Martinvirus” 

(ICBM165) and “Maryvirus” (ICBM8) (Fig. 40). They had the same isolation host, Lentibacter 

sp. SH36, but originated from a different water sample (HE504-33) (Table 31).  
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The new roseophages had genomes of 36.9 - 38.7 kb in size, 55.9 - 57.3 % G+C content 

and 54 - 57 predicted ORFs. Out of these genes, 22 - 28 could be functionally annotated. 

Determination of the genome termini with PhageTerm (Garneau et al. 2017), showed that 

Lentibacter phages ICBM8 and ICBM165 had short, T7-type direct terminal repeats (DTRs) 

(Table 15). Also for Lentibacter phage ICBM163, DTRs were predicted, even though they were 

less supported. For the two Sulfitobacter phages ICBM121 and ICBM122, although being so 

closely related to phage ICBM163, circularly permuted genomes were predicted. The genome 

termini were chosen in correspondence to ICBM163 to facilitate genome comparisons. 

The genome composition within this family was less conserved, thus the annotated DNA 

replication, lysis and morphology genes are described separately for each of the three genera. 

In the genomes of the “Benvirus” genus (ICBM121, ICBM122, and ICBM163), genes were 

arranged in three modules in terms of transcriptional direction (Fig. 42). Functional categories 

were not that clearly separated. However, genes for DNA, RNA and nucleotide metabolism 

rather grouped in the first half of the genome and morphology genes grouped in the second half 

of the genome. DNA replication genes comprised a DNA primase/helicase (PC_316), a 

nuclease, a DNA repair exonuclease (PC_323), a HNH endonuclease (only in ICBM121 and 

ICBM122) and a Holliday junction resolvase (Table 32). No DNA polymerase could be 

annotated. The structural genes comprised the portal protein (PC_209), a capsid protein 

(PC_278), a capsid scaffolding protein (PC_208), two virion structural proteins (PC_212 and 

PC_213), a tail protein (PC_381 or PC_447), a tail fiber protein (PC_448, only in ICBM121 

and ICBM122) and a phage tail assembly chaperone (PC_281 or PC_328). The major capsid 

protein was encoded twice (PC_207 and PC_325). Furthermore, the terminase large and small 

subunits could be annotated (PC_214 and PC_280). Five lysis genes were annotated: two 

spanins (PC_271 and PC_272), an amidase (PC_273) and two endolysins (PC_146 and 

PC_326).  

For Lentibacter phage ICBM165, the genomic organization looked a bit different 

(Fig. 42). The majority of the genes were encoded on the reverse strand, thus the genome was 

not as clearly separated into modules. Still, the overall order of the genes was similar to the 

genomes of the “Benvirus” genus. Genes of the functional category “DNA, RNA and nucleotide 

metabolism” comprised a DNA primase/helicase (PC_537), an exonuclease (PC_539), a 

Holliday junction resolvase (PC_267) and a tRNA endonuclease (PC_543) (Table 33). Also in 

this genome, no DNA polymerase could be annotated. The structural and lysis genes were more 

similar to the “Benvirus” phages. Morphology genes comprised the major capsid protein 

(PC_207), the capsid scaffolding protein (PC_208), the portal protein (PC_209), a capsid 
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protein (PC_278), two virion structural proteins (PC_212 and PC_213), and the terminase small 

and large subunit (PC_535 and PC_214). Further, one tail protein (PC_381) and three phage 

tail assembly chaperones (PC_281, PC_328, and PC_548). Four lysis genes were annotated: an 

amidase (PC_273), two spanins (PC_271 and 272) and an endolysin (PC_556).  

In corresponce with the lower PC-based intergenomic similarity, the genomic content of 

Lentibacter phage ICBM8 differed the most from the other genomes in this family. The genes 

were organized in two genomic arms with opposing transcriptional directions (Fig. 42). The 

DNA replication module on the left genomic arm contained a DNA helicase (PC_580), a 

nuclease (PC_578), a Sak4-like ssDNA annealing protein (PC_6), a ssDNA binding protein 

(PC_577), and a tRNA endonuclease (PC_581) (Table 34). Furthermore, a bifunctional DNA 

primase/polymerase (PC_574) was found. The “head and packaging” genes comprised the 

capsid scaffolding protein (PC_208), the major capsid protein (PC_207), the portal protein 

(PC_209), two virion structural proteins (PC_212 and PC_213) the terminase large and small 

subunit (PC_214 and PC_280). Moreover, a tail collar-fiber protein (PC_596), one tail protein 

(PC_599) and one tail assembly chaperone (PC_597) were annotated. Four lysis genes were 

spread over the genome, including a spanin (PC_588) and three endolysin (PC_146, PC_589 

and PC_594).  

In all genomes of the “Diferiteviridae” family, a DNA injection protein (PC_210) and a 

phosphofructokinase (PC_204) were found. DNA methylases were encoded in some of the 

genomes (two in ICBM121, ICBM122 and ICBM163, and one in ICBM8), which can be part 

of the viral anti-host defense protection (Fig. 42). Furthermore, a phosphoadenosine 

phosphosulfate (PAPS) reductase was annotated in the “Benvirus” genomes (Table 32), which 

has been found in other phages (Summer et al. 2006) and could function as an AMG giving 

advantage to the host under sulfur limited conditions (Summer et al. 2007b). No tRNAs were 

predicted in these genomes. 

The genome replication strategy of the phages in this family was not easily determined. 

No characteristic DNA polymerase was annotated in either of the genomes. PhageTerm 

provided varying predictions for the members of this family (Table 15). While the detection of 

DTRs in the genomes of phage ICBM8, ICBM163 and ICBM165 indicated a T7-like 

bidirectional genome replication and packaging, the genomes of phages ICBM121 and 

ICBM122 seemed to be circularly permuted using P1-type rolling circle replication and the 

headful (pac) DNA packaging strategy. However, the latter prediction was less supported 

(Table 15). Considering that ICBM121, ICBM122 and ICBM165 belonged to the same genus 
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and should thus have similar packaging strategies, the phageTerm results should be interpreted 

with caution. According to Virfam prediction and the gene annotation (absence of major tail 

protein, tail completion protein and sheath), the phages in the “Diferiteviridae” family had a 

podoviral morphology with a short tail (Table 31). The genomes of the “Benvirus” genus 

(ICBM121, ICBM122, and ICBM163) had a gene encoded annotated as “excisionase and 

transcriptional regulator” (PC_317). In phage ICBM163, a lambda repressor-like protein 

(PC_528) could be annotated next to the excisionase. In phage ICBM8, only the lambda 

repressor-like protein was found (PC_575). Therefore, these phages could have lysogenic 

potential. The five phages of this family shared 12 core proteins (Table 35). Eight of them had 

an annotated function, with most of them being morphology proteins. 

 

Fig. 39: Section of the whole-genome based proteomic tree showing VGC_19. Names of cultivated roseophages are marked 

in green (previous) and blue (this study). Genome lengths are displayed as bar chart.  
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Fig. 40: Nucleotide-based intergenomic identities of the phages in VGC_19 calculated with VIRIDIC. Members of the newly 

proposed genera “Martinvirus”, “Maryvirus” and “Benvirus” and the new proposed “Diferiteviridae” family are annotated with 

boxes and colored labels. 
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Fig. 41: PC-based intergenomic similarities of the phages in VGC_19, calculated with VirClust (log e-value clustering, matches 

kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). Members of the newly proposed “Diferiteviridae” 

family are annotated with a blue box. 
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Fig. 42: Genome maps of VGC_19. A Lentibacter phage ICBM8. B Lentibacter phage ICBM165. C Phages of the “Benvirus” 

genus (Lentibacter phage ICBM163 and Sulfitobacter phages ICBM121 and ICBM122). 

 

Table 32: Gene annotations of Lentibacter phage ICBM121. Strand 1: forward orientation. Strand -1: reverse orientation. Hp 

= hypothetical protein. *Core proteins of phages of the “Diferiteviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 47 238 192 -1 315 hp unknown 

gene_2 338 595 258 -1 204* Phosphofructokinase* other 

gene_3 592 1215 624 -1 266 hp unknown 

gene_4 1502 3625 2124 -1 316 DNA primase/helicase 
DNA, RNA and nucleotide 

metabolism 

gene_5 3622 4179 558 -1 442 
DNA (citosine) 

methyltransferase 
anti-host defense 

gene_6 4188 4655 468 -1 443 DNA methyltransferase anti-host defense 

gene_7 4827 5042 216 -1 317 
excisionase and 

transcriptional regulator 
integration and excision 

gene_8 5166 5783 618 -1 318 hp unknown 

gene_9 5828 6580 753 -1 319 nuclease 
DNA, RNA and nucleotide 

metabolism 

gene_10 6577 6867 291 -1 320 hp unknown 

gene_11 6882 7106 225 -1 321 hp unknown 

gene_12 7106 7573 468 -1 267 Holliday junction resolvase 
DNA, RNA and nucleotide 

metabolism 

gene_13 7573 7740 168 -1 268 hp unknown 

gene_14 7869 8189 321 1 444 hp unknown 

gene_15 8237 8470 234 1 331 hp unknown 

gene_16 8494 9015 522 1 269 hp unknown 
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gene_17 9012 9134 123 1 270 hp unknown 

gene_18 9131 9868 738 1 322 

phosphoadenosine 

phosphosulfate 

(PAPS)reductase 

moron, auxiliary metabolic 

gene and host takeover 

gene_19 9865 10323 459 1 146 
endolysin (cell wall 

hydrolase) 
lysis 

gene_20 10320 10508 189 1 205* hp* unknown 

gene_21 10505 10729 225 1 445 hp unknown 

gene_22 10726 10875 150 1 112 hp unknown 

gene_23 10868 11251 384 1 4 hp unknown 

gene_24 11251 11502 252 1 92 hp unknown 

gene_25 11495 11713 219 1 446 hp unknown 

gene_26 11713 12324 612 1 206* hp* unknown 

gene_27 12308 13405 1098 -1 323 DNA repair exonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_28 13402 13608 207 -1 271 Spanin lysis 

gene_29 13532 13786 255 -1 272 Spanin lysis 

gene_30 13765 14436 672 -1 273 Amidase lysis 

gene_31 14436 14912 477 -1 332 hp unknown 

gene_32 15058 15336 279 -1 274 hp unknown 

gene_33 15336 15644 309 -1 275 hp unknown 

gene_34 15619 15840 222 -1 324 hp unknown 

gene_35 15895 16851 957 -1 207* major capsid protein* head and packaging 

gene_36 16873 17853 981 -1 208* capsid scaffolding protein* head and packaging 

gene_37 17858 18100 243 -1 276 hp unknown 

gene_38 18097 20274 2178 -1 209* portal protein* head and packaging 

gene_39 20285 21913 1629 -1 325 major capsid protein head and packaging 

gene_40 21916 23475 1560 -1 326 
endolysin (D-alanyl-D-

alanine carboxypeptidase) 
lysis 

gene_41 23475 24449 975 -1 210* DNA injection protein* other 

gene_42 24451 25386 936 -1 327 hp unknown 

gene_43 25386 25748 363 -1 277* hp* unknown 

gene_44 25741 26397 657 -1 211* hp* unknown 

gene_45 26394 27869 1476 -1 212* virion structural protein* head and packaging 

gene_46 27893 28723 831 -1 447 tail protein tail 

gene_47 28768 29358 591 -1 333 hp unknown 

gene_48 29400 29798 399 -1 281 
Phage tail assembly 

chaperone 
tail 

gene_49 29800 30768 969 -1 448 tail fiber protein tail 

gene_50 30772 31152 381 -1 278 capsid protein head and packaging 

gene_51 31152 31772 621 -1 213* virion structural protein* head and packaging 

gene_52 31763 32272 510 -1 449 HNH endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_53 32272 33672 1401 -1 450 hp unknown 

gene_54 33778 34386 609 -1 330 hp unknown 

gene_55 34386 35780 1395 -1 214* terminase large subunit* head and packaging 

gene_56 35777 35989 213 -1 279 hp unknown 

gene_57 35982 36476 495 -1 280 terminase small subunit head and packaging 
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Table 33: Gene annotations of Lentibacter phage ICBM165. Strand 1: forward orientation. Strand -1: reverse orientation. Hp 

= hypothetical protein. *Core proteins of phages of the “Diferiteviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 345 806 462 -1 535 terminase small subunit head and packaging 

gene_2 806 1087 282 -1 204* Phosphofructokinase* other 

gene_3 1090 1707 618 -1 266 hp unknown 

gene_4 1932 2360 429 -1 536 hp unknown 

gene_5 2357 4552 2196 -1 537 DNA primase/helicase 
DNA, RNA and nucleotide 

metabolism 

gene_6 4613 5206 594 -1 538 hp unknown 

gene_7 5242 6033 792 -1 539 exonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_8 6030 6500 471 -1 267 Holliday junction resolvase 
DNA, RNA and nucleotide 

metabolism 

gene_9 6500 6661 162 -1 268 hp unknown 

gene_10 6796 7158 363 1 540 hp unknown 

gene_11 7204 7407 204 1 541 hp unknown 

gene_12 7456 7728 273 1 542 hp unknown 

gene_13 7728 7961 234 1 331 hp unknown 

gene_14 7985 8506 522 1 269 hp unknown 

gene_15 8503 8625 123 1 270 hp unknown 

gene_16 8702 8893 192 1 205* hp* unknown 

gene_17 8890 9171 282 1 92 hp unknown 

gene_18 9164 9382 219 1 92 hp unknown 

gene_19 9384 9980 597 1 206* hp* unknown 

gene_20 10011 10379 369 -1 543 tRNA endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_21 10407 10592 186 -1 271 Spanin lysis 

gene_22 10540 10782 243 -1 272 Spanin lysis 

gene_23 10782 11438 657 -1 273 Amidase lysis 

gene_24 11438 11914 477 -1 332 hp unknown 

gene_25 12060 12338 279 -1 274 hp unknown 

gene_26 12423 12605 183 1 544 hp unknown 

gene_27 12602 14242 1641 -1 545 hp unknown 

gene_28 14242 15429 1188 -1 546 hp unknown 

gene_29 15431 16510 1080 -1 210* DNA injection protein* other 

gene_30 16510 16956 447 -1 547* hp* unknown 

gene_31 16949 17605 657 -1 211* hp* unknown 

gene_32 17602 19074 1473 -1 212* virion structural protein* head and packaging 

gene_33 19086 19976 891 -1 380 hp unknown 

gene_34 19976 20470 495 -1 381 tail protein tail 

gene_35 20515 21045 531 -1 333 hp unknown 

gene_36 21087 21503 417 -1 328 
Phage tail assembly 

chaperone 
tail 

gene_37 21503 22684 1182 -1 383 hp unknown 

gene_38 22660 23061 402 -1 281 
Phage tail assembly 

chaperone 
tail 

gene_39 23061 23525 465 -1 384 hp unknown 

gene_40 23522 23815 294 -1 548 
Phage tail assembly 

chaperone 
tail 

gene_41 23815 24336 522 -1 549 hp unknown 

gene_42 24338 24928 591 -1 550 hp unknown 
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gene_43 24932 25312 381 -1 278 capsid protein head and packaging 

gene_44 25312 25932 621 -1 213* virion structural protein* head and packaging 

gene_45 26333 26716 384 -1 551 hp unknown 

gene_46 26716 27984 1269 -1 329 hp unknown 

gene_47 28103 28447 345 -1 552 hp unknown 

gene_48 28450 29406 957 -1 207* major capsid protein* head and packaging 

gene_49 29418 30437 1020 -1 208* capsid scaffolding protein* head and packaging 

gene_50 30459 30713 255 -1 553 hp unknown 

gene_51 30694 32829 2136 -1 209* portal protein* head and packaging 

gene_52 32898 33053 156 1 554 hp unknown 

gene_53 33050 34879 1830 -1 555 hp unknown 

gene_54 34879 35436 558 -1 556 endolysin lysis 

gene_55 35595 37016 1422 -1 214* terminase large subunit* head and packaging 

 

Table 34: Gene annotations of Lentibacter phage ICBM8. Strand 1: forward orientation. Strand -1: reverse orientation. Hp = 

hypothetical protein. *Proteins shared between ICBM8 and the phages of the “Diferiteviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 535 798 264 -1 204* Phosphofructokinase* other 

gene_2 1204 3510 2307 1 574 DNA primase/polymerase 
DNA, RNA and nucleotide 

metabolism 

gene_3 3488 3670 183 -1 575 Lambda repressor-like lytic/lysogenic regulation 

gene_4 3769 4149 381 1 576 hp unknown 

gene_5 4149 4628 480 1 428 hp unknown 

gene_6 4628 5332 705 1 428 hp unknown 

gene_7 5332 6087 756 1 6 
Sak4-like ssDNA annealing 

protein 

DNA, RNA and nucleotide 

metabolism 

gene_8 6099 6551 453 1 577 ssDNA binding protein 
DNA, RNA and nucleotide 

metabolism 

gene_9 6610 7554 945 1 578 nuclease 
DNA, RNA and nucleotide 

metabolism 

gene_10 7551 7775 225 1 579 hp unknown 

gene_11 7772 9433 1662 1 580 DNA helicase 
DNA, RNA and nucleotide 

metabolism 

gene_12 9411 9773 363 1 581 tRNA endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_13 9960 10349 390 1 582 hp unknown 

gene_14 10346 10804 459 1 146 
endolysin (cell wall 

hydrolase) 
lysis 

gene_15 10801 10977 177 1 205* hp* unknown 

gene_16 10974 12485 1512 1 583 hp unknown 

gene_17 12499 12846 348 1 584 hp unknown 

gene_18 12907 13296 390 1 4 hp unknown 

gene_19 13296 13511 216 1 585 hp unknown 

gene_20 13508 14056 549 1 586 hp unknown 

gene_21 14164 14775 612 1 206* hp* unknown 

gene_22 14759 14995 237 -1 587 hp unknown 

gene_23 14895 15125 231 -1 588 spanin lysis 

gene_24 15104 15769 666 -1 589 endolysin (lysozyme) lysis 

gene_25 15821 16126 306 -1 590 hp unknown 

gene_26 16536 16877 342 -1 591 hp unknown 

gene_27 17021 17308 288 -1 275 hp unknown 
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gene_28 17309 17497 189 -1 592 hp unknown 

gene_29 17559 18533 975 -1 207* major capsid protein* head and packaging 

gene_30 18547 19527 981 -1 208* capsid scaffolding protein* head and packaging 

gene_31 19532 19774 243 -1 276 hp unknown 

gene_32 19771 21948 2178 -1 209* portal protein* head and packaging 

gene_33 21959 23920 1962 -1 593 hp unknown 

gene_34 23922 25424 1503 -1 594 endolysin (lysozyme) lysis 

gene_35 25424 26515 1092 -1 210* DNA injection protein* other 

gene_36 26517 27050 534 -1 595 hp unknown 

gene_37 27050 27412 363 -1 277* hp* unknown 

gene_38 27405 28061 657 -1 211* hp* unknown 

gene_39 28058 29533 1476 -1 212* virion structural protein* head and packaging 

gene_40 29537 30355 819 -1 596 tail collar fiber protein connector 

gene_41 30482 30847 366 -1 597 tail assembly chaperone tail 

gene_42 30840 31424 585 -1 598 hp unknown 

gene_43 31435 32019 585 -1 599 tail protein tail 

gene_44 32036 32803 768 1 600 hp unknown 

gene_45 32871 33476 606 -1 213* virion structural protein* head and packaging 

gene_46 33477 34655 1179 -1 329 hp unknown 

gene_47 34655 36052 1398 -1 214* terminase large subunit* head and packaging 

gene_48 36046 36258 213 -1 279 hp unknown 

gene_49 36251 36469 219 -1 601 hp unknown 

gene_50 36453 37175 723 -1 351 DNA methylase N-4/N-6 anti-host defense 

gene_51 37168 37662 495 -1 280 terminase small subunit head and packaging 

gene_52 37675 37956 282 -1 602 hp unknown 

gene_53 37946 38257 312 -1 603 hp unknown 

gene_54 38486 38666 181 -1 604 hp unknown 

 

 

Table 35: Core proteins of the newly proposed family “Diferiteviridae”. *maximum number of predicted ORFs divided by 

number of core proteins. 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional category) 

Percentage 

core 

proteins / 

total 

ORFs* 

55-57 12 8 

Head and packaging: major capsid protein (PC_207), capsid 

scaffolding protein (PC_208), portal protein (PC_209), virion 

structural protein (PC_212), virion structural protein (PC_213), 

terminase large subunit (PC_214), 

Other: Phosphofructokinase (PC_204), DNA injection protein 

(PC_210) 

21.05% 
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4.3.5.6. The “Woolleyviridae” - a new family of potentially temperate roseophage 

infecting Sulfitobacter 

Five new roseophages formed a separate cluster within a VGC containing 58 viruses, many of 

them being temperate phages (Fig. 43, Table 36). The described viruses in this VGC_6 mainly 

infect Gammaproteobacteria and Alphaproteobacteria (Rhodobacterales, Hyphomicrobiales 

and Caulobacterales), with many of the hosts being human pathogens. Accordingly, the 

majority of the viruses was isolated from terrestrial, anthropogenic environments such as 

sewage, clinics, dairy products or agricultural lands, but there were also members originating 

from freshwater rivers, a salt mine and even antarctic soil. All described phages of this VGC 

apart from one (Marinobacter phage AS1) were reported with a siphoviral morphology 

(Table 36).  

The new roseophages grouping in this VGC formed a separate cluster, with a maximum 

PC-based intergenomic similarity to other phages of 22.5% (Fig. 45). Within the cluster, the 

minium PC-based intergenomic similarity accounted for 87.1%. Therefore, we propose that this 

cluster forms a new family, which we tentatively named here “Woolleyviridae”. Three other 

roseophages clustered into this VGC: Paracoccus phage Shpa, Rhodobacter phage RcapNL and 

Paracoccus phage vB_PthS_Pthi. They grouped in a larger cluster with our novel roseophages, 

but outside the “Woolleyviridae” family (Fig. 43 and 45).  

The five novel roseophages in the “Woolleyviridae” family were ICBM55, ICBM111, 

ICBM117, ICBM118 and ICBM130 (Table 36). Apart from phage ICBM130 (from seawater 

sample NHS), they all originated from the same seawater sample (P2). They infected the four 

closely related Sulfitobacter strains M63, M70, M92 and M157 (Table 36). According to their 

nucleotide-based intergenomic identity, all five phages belonged to the same genus (NBII ≥ 

88.0), forming two species (Fig. 44). We provisionally named this genus here “Viktorvirus”.  

The genomes of the “Woolleyviridae” phages were of 33.4 - 34.1 kb in size, with 

60.5 - 60.7% GC content and 41 - 45 predicted ORFs (Table 36). Out of these ORFs, 22 could 

be functionally annotated. PhageTerm predicted circularly permuted genomes with random 

termini at both genomes ends (ICBM55) or with one defined end (other phages) (Table 15). 

The genomic architecture was highly conserved amongst the members of this family and the 

genes that could be annotated were almost identical (Fig. 46, Table 37). The genes were 

arranged in functional modules. The “DNA, RNA and nucleotide metabolism” module 

comprised a ssDNA binding protein (PC_235) and two DNA primases (PC_224 and PC_227). 

No DNA polymerase was annotated. “Head and packaging” genes included the capsid 
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maturation protease (PC_253), the major capsid protein (PC_252), the portal protein (PC_254) 

and the terminase small and large subunit (PC_211 and PC_255). Further morphogenesis genes 

comprised the head-tail adaptor Ad1 (PC_250), the head-tail adaptor (PC_249), the neck 

protein Ne1 (PC_248), the tail completion protein Tc1 (PC_247), a major tail protein (PC_246), 

and the tail length tape measure protein (PC_243) (Table 37). One large gene in the morphology 

module was either annotated as a tail fiber protein (PC_304 in ICBM55, ICBM117, and 

ICBM118) or as an esterase/lipase (PC_359 in ICBM111 and ICBM130) (Fig. 46). Two lysis 

genes were encoded in the genomes: a spanin (PC_236) and an endolysin (PC_239). In addition, 

the genomes contained a deoxyribonucleoside 5' monophosphate phosphatase (PC_225) and a 

transcriptional regulator (PC_228). Phages ICBM55, ICBM117 and ICBM118 encoded a DNA 

methylase in their genomes, which can be part of the resistance against restriction-modification 

systems. No tRNAs could be predicted in the genomes of these phages.  

Genome end determination with PhageTerm indicated that these phages use a headful 

(pac) packaging strategy and are circularly permuted (Table 15). Only for Sulfitobacter phage 

ICBM55, no packaging type could be assigned. However, it had random termini at both ends 

and was circularly permuted. Thus, it might use the headful packaging without a specific pac 

site (see chapter 1.3.4.). A siphoviral morphology was predicted by Virfam and reflected by the 

annotation of the major tail protein and the tail completion protein Tc1 (Table 37). A Lambda 

repressor like protein and an integrase were annotated in all genomes of the “Woolleyviridae” 

family, which indicates that these phages are capable to follow the lysogenic pathway. The 

phages of the “Woolleyviridae” family shared 37 core proteins, with 20 of them being 

functionally annotated (Table 38).  
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Fig. 43: Section of the whole-genome based proteomic tree showing VGC_6. Names of cultivated roseophages are marked in 

green (previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families and subfamilies, 

respectively. Genome lengths are displayed as bar chart. 
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Fig. 44: Nucleotide-based intergenomic identities of the phages in VGC_6, calculated with VIRIDIC. Members of the newly 

proposed “Viktorvirus” genus and “Woolleyviridae” family are annotated with a blue box. Intergenomic identity of 

Sulfitobacter phages ICBM117 and ICBM55 is 99.997 %, rounded up to 100 % in the heatmap. 
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Fig. 45: PC-based intergenomic similarities of the phages in VGC_6, calculated with VirClust (log e-value clustering, matches 

kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). Members of the newly proposed “Viktorvirus” 

genus and “Woolleyviridae” family are annotated with a blue box. 
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Fig. 46: Genome map of Sulfitobacter phages ICBM111, ICBM117, ICBM118, ICBM130 and ICBM55, members of the 

“Viktorvirus” genus. 

 

Table 37: Gene annotations of Sulfitobacter phage ICBM55. Strand 1: forward orientation. Strand -1: reverse orientation. Hp = 

hypothetical protein. *Core protein of the phages in “Woolleyviridae” family. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 69 434 366 -1 221* terminase small subunit* head and packaging 

gene_2 557 1282 726 -1 222* hp* unknown 

gene_3 1923 2192 270 -1 441 hp unknown 

gene_4 2189 2617 429 -1 223* hp* unknown 

gene_5 3870 5684 1815 -1 224* DNA primase* DNA, RNA and nucleotide metabolism 

gene_6 5710 6258 549 -1 225* 

deoxyribonucleoside 5' 

monophosphate 

phosphatase* 

other 

gene_7 6255 6443 189 -1 226* hp* unknown 

gene_8 6448 7563 1116 -1 227* DNA primase* DNA, RNA and nucleotide metabolism 

gene_9 7553 7963 411 -1 228* transcription regulator* transcriptional regulation 

gene_10 7960 8190 231 -1 229* hp* unknown 

gene_11 8187 8390 204 -1 230* hp* unknown 

gene_12 8383 8664 282 -1 231* hp* unknown 

gene_13 8868 9206 339 1 232* Lambda repressor-like* lytic/lysogenic regulation 

gene_14 9191 9358 168 -1 363 hp unknown 

gene_15 9647 9892 246 1 233* hp* unknown 

gene_16 10137 11159 1023 1 234* Integrase* integration and excision 

gene_17 11339 11521 183 1 301 hp unknown 

gene_18 11518 11997 480 1 360 hp unknown 

gene_19 12084 12323 240 -1 361 hp unknown 

gene_20 12390 13079 690 -1 362 
DNA methylase (N-4/N-6 

adenine) 
anti-host defense 

gene_21 13604 14083 480 -1 235* ssDNA binding protein* DNA, RNA and nucleotide metabolism 
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gene_22 14097 14300 204 -1 236* Spanin* lysis 

gene_23 14278 14601 324 -1 237* hp* unknown 

gene_24 14630 14908 279 -1 238* hp* unknown 

gene_25 14941 15738 798 -1 239* endolysin (lysozyme)* lysis 

gene_26 15803 16378 576 -1 240* hp* unknown 

gene_27 16731 17192 462 -1 117* hp* unknown 

gene_28 17478 20333 2856 -1 304 tail fiber protein tail 

gene_29 20335 20604 270 -1 303* hp* unknown 

gene_30 20595 21368 774 -1 241 hp unknown 

gene_31 21392 22291 900 -1 242* hp* unknown 

gene_32 22288 25443 3156 -1 243* 
tail length tape measure 

protein* 
tail 

gene_33 25456 25692 237 -1 244* hp* unknown 

gene_34 25782 26144 363 -1 245* hp* unknown 

gene_35 26141 26584 444 -1 246* major tail protein* tail 

gene_36 26596 26979 384 -1 247* tail completion Tc1* connector 

gene_37 26984 27433 450 -1 248* neck protein Ne1* connector 

gene_38 27430 27780 351 -1 249* head-tail adaptor* connector 

gene_39 27780 28070 291 -1 250* head-tail adaptor Ad1* connector 

gene_40 28067 28405 339 -1 251* hp* unknown 

gene_41 28480 29784 1305 -1 252* major capsid protein* head and packaging 

gene_42 29781 30635 855 -1 253* 
capsid maturation 

protease* 
head and packaging 

gene_43 30649 31863 1215 -1 254* portal protein* head and packaging 

gene_44 31860 33584 1725 -1 255* terminase large subunit* head and packaging 

gene_45 33581 34080 500 -1 256* hp* unknown 

 

Table 38: Core proteins of the newly proposed family “Woolleyviridae”.  *maximum number of predicted ORFs divided by 

number of core proteins. 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional category) 

Percentage 

core 

proteins / 

total 

ORFs* 

41-45 37 20 

DNA, RNA and nucleotide metabolism: DNA primase (PC_224 

and PC_227), ssDNA binding protein (PC_235), 

Head and packaging: terminase small subunit (PC_221), major 

capsid protein (PC_252), capsid maturation protease (PC_253), 

portal protein (PC_254), terminase large subunit (PC_255), 

Connector: tail completion Tc1 (PC_247), neck protein Ne1 

(PC_248), head-tail adaptor (PC_249), head-tail adaptor Ad1 

(PC_250), 

Tail: tail length tape measure protein (PC_243), major tail protein 

(PC_246), 

Lysis: Spanin (PC_236), endolysin (lysozyme) (PC_239), 

Lytic/lysogenic regulation: Lambda repressor-like (PC_232), 

Integration and excision: Integrase (PC_234), 

Transcriptional regulation: transcription regulator (PC_228), 

Other: deoxyribonucleoside 5' monophosphate phosphatase 

(PC_225) 

82.22% 
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4.3.5.7. The Zobellviridae family is extended by a new roseophage species 

One of the new roseophage isolates clustered into a VGC corresponding to the previously 

characterized Zobellviridae family (VGC_8) (Fig. 47). The isolation of the cobaviruses 

(Lentibacter phages ICBM1, ICBM2, and ICBM3) and the creation of the family Zobellviridae 

have been described in chapters 2 and 3. Meanwhile, the order Caudovirales has been abolished 

and the Zobellviridae now belongs to the newly created class Caudoviricetes (Adriaenssens et 

al. 2021). Moreover, the binomial naming format for bacteriophages has been introduced, 

which also changed the species designations for the Zobellviridae members (Table 39) (Turner 

et al. 2020). The described members of the Zobellviridae infect Alphaproteobacteria 

(Lentibacter, Roseobacter, and Celeribacter) and Gammaproteobacteria (Table 39). They 

originate from diverse habitats, ranging from seawater to rhizosphere soil, saline lakes and 

hospital associated samples. For all described members, a podoviral morphology was attested.  

The novel roseophage isolate grouped into the Cobavirinae subfamily, which had a 

maximum PC-based intergenomic similarity with other viruses in the family of 16.0% (Fig. 49). 

Within the subfamily, the minimum PC-based intergenomic similarity was 33.0%. Therefore, 

it could become a family of its own, once future classification procedure split the Zobellviridae 

into several families. The new roseophage within the Cobavirinae was phage ICBM6, which 

was isolated from seawater sample HE396-6 infecting Lentibacter sp. SH36. Sharing 

82.3 - 82.8% nucleotide-based intergenomic identity with the Lentibacter phages 

vB_LenP_ICBM1 and vB_LenP_ICBM 3, it formed a new species within the Siovirus genus 

(Fig. 48 and 49). 

Similar to the already described genomes of the Cobavirinae subfamily (see chapter 2), 

Lentibacter phage ICBM6 had a linear genome of 40.3 kb, a G+C content of 46.3% and 55 

predicted ORFs, out of which 21 could be annotated. PhageTerm determined short direct 

terminal repeats (DTRs) of 170 bp at both ends of the genome (Table 15). The genomic 

organization and annotated gene content was almost identical to that of Lentibacter phage 

ICBM1 (Fig. 50, Table 40). The genome was organized in two arms, with the left arm encoding 

genes involved in replication and nucleotide metabolism and the right arm encoding lysis and 

morphogenesis genes (compare chapter 2.3.4.). The “DNA, RNA and nucleotide metabolism” 

genes comprised a DNA polymerase I (PC_89), a DNA primase/helicase (PC_88), an 

endonuclease (PC_148), a glutaredoxin (PC_150), a nuclease (PC_345), a cobalamin-

dependent ribonucleotide reductase (PC_91) and a thymidylate synthase ThyX (PC_1) 

(Table 40). Morphogenesis genes included an internal virion protein D (PC_288), the major 
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capsid protein (PC_294), the terminase large subunit (PC_298), the head-tail adaptor protein 

(PC_297), a phage tail assembly chaperone (PC_382), a tail appendage protein (PC_290), a tail 

protein (PC_292) and a tail fiber protein (PC_569). Two lysis genes were encoded in the 

genome: a lysozyme (PC_348) and a spanin (PC_287). In addition, an acetyl transferase 

(GNAT) (PC_313), a MazG-like pyrophosphatase (PC_149) and a PhoH-like phosphate 

starvation-inducible protein (PC_113) were found. The only difference to the genome of phage 

ICBM1 was the absence of two additional tail genes (a second phage tail assembly chaperone 

and a second tail fiber protein). A methyltransferase (PC_336) was encoded in the genome, 

which can serve for the protection against restriction-modification systems. No tRNAs could 

be predicted in the genome of phage ICBM6. 

In accordance with the other cobaviruses, phage ICBM6 had DTRs and a T7-like DNA 

polymerase I (Tables 15 and 40). This indicated the use of a T7-like bidirectional replication 

and DNA packaging strategy. Moreover, a podoviral morphology was predicted for phage 

ICBM6, reflected by the annotation of the head-tail adaptor protein and the absence of a tail 

completion protein, a major tail protein or a tail sheath (Table 40). As no lysogeny-related genes 

were annotated in the genome, a strictly lytic lifestyle can be assumed. The members of the 

Cobavirinae subfamily including the novel phage ICBM6 shared 17 core proteins, with 10 

having an annotated function (Table 41).  

 

Fig. 47: Section of the whole-genome based proteomic tree showing the Zobellviridae family. Names of cultivated roseophages 

are marked in green (previous) and blue (this study). Color-strips indicate affiliation to ICTV-recognized families and 

subfamilies, respectively. Genome lengths are displayed as bar chart.
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Fig. 48: Nucleotide-based intergenomic identities of the phages in the Zobellviridae family, calculated with VIRIDIC. 

Members of the subfamily Cobavirinae and the genera Siovirus and Veravirus are annotated with boxes and colored labels. 
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Fig. 49: PC-based intergenomic similarities of the phages in the Zobellviridae family, calculated with VirClust (log e-value 

clustering, matches kept if bitscore >= 30, coverage >= 70, evalue < 0.00001, identity >= 0%). Members of the subfamily 

Cobavirinae and the genera Siovirus and Veravirus are annotated with boxes and colored labels. 

 

Fig. 50: Genome map of the Lentibacter phages belonging to the Zobellviridae family. A Cobaviruses ICBM1, ICBM3 

and the new phage ICBM6. B Cobavirus ICBM2. 
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Table 40: Gene annotations of Lentibacter phage ICBM6. Strand 1: forward orientation. Strand -1: reverse orientation. Hp = 

hypothetical protein. *Core proteins of the phages in the Cobavirinae subfamily. 

Gene 

ID 

Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Stra

nd 
PC ID Protein function Category 

gene_1 722 961 240 1 566 hp unknown 

gene_2 1028 1282 255 1 335 hp unknown 

gene_3 1350 1733 384 1 336 

S-adenosyl-L-methionine-

dependent 

methyltransferase 

anti-host defense 

gene_4 1723 1878 156 1 337 hp unknown 

gene_5 1898 2488 591 1 282 hp unknown 

gene_6 2503 2724 222 1 283 hp unknown 

gene_7 2744 2956 213 1 263 hp unknown 

gene_8 2953 3165 213 1 338 hp unknown 

gene_9 3158 3385 228 1 284 hp unknown 

gene_10 3468 3617 150 1 285 hp unknown 

gene_11 3617 4285 669 1 1* 
thymidylate synthase 

ThyX* 
DNA, RNA and nucleotide metabolism 

gene_12 4282 4644 363 1 4 hp unknown 

gene_13 4644 4880 237 1 339 hp unknown 

gene_14 4882 5070 189 1 340 hp unknown 

gene_15 5067 5249 183 1 341 hp unknown 

gene_16 5185 6753 1569 1 88* DNA primase/helicase* DNA, RNA and nucleotide metabolism 

gene_17 6759 7106 348 1 342 hp unknown 

gene_18 7090 8832 1743 1 89 DNA polymerase I DNA, RNA and nucleotide metabolism 

gene_19 8891 9427 537 1 343 hp unknown 

gene_20 9420 9860 441 1 344 hp unknown 

gene_21 9862 10725 864 1 345 nuclease DNA, RNA and nucleotide metabolism 

gene_22 10718 11119 402 1 148* Endonuclease* DNA, RNA and nucleotide metabolism 

gene_23 11112 11297 186 1 346 hp unknown 

gene_24 11284 11595 312 1 149 
MazG-like 

pyrophosphatase 
other 

gene_25 11592 11774 183 1 216 hp unknown 

gene_26 11771 13786 2016 1 91* ribonucleotide reductase* DNA, RNA and nucleotide metabolism 

gene_27 13862 14098 237 1 150* Glutaredoxin* DNA, RNA and nucleotide metabolism 

gene_28 14082 14531 450 1 286* hp* unknown 

gene_29 14528 15235 708 1 113 
PhoH-like phosphate 

starvation-inducible 
other 

gene_30 15236 15424 189 1 347 hp unknown 

gene_31 15479 15658 180 -1 425 hp unknown 

gene_32 15624 15893 270 -1 426 hp unknown 

gene_33 15883 16143 261 -1 81* hp* unknown 

gene_34 16136 16471 336 -1 287 spanin lysis 

gene_35 16468 17376 909 -1 567 hp unknown 

gene_36 17376 18029 654 -1 348 lysozyme lysis 

gene_37 18031 20064 2034 -1 349 hp unknown 

gene_38 20068 24531 4464 -1 288* internal virion protein D* head and packaging 

gene_39 24545 25015 471 -1 289 hp unknown 

gene_40 25017 25487 471 -1 313 
acetyl transferase 

(GNAT) 
other 

gene_41 25465 27588 2124 -1 290* tail appendage* tail 

gene_42 27557 27874 318 -1 291* hp* unknown 
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gene_43 27861 28610 750 -1 292* tail protein* tail 

gene_44 28612 29184 573 -1 293* hp* unknown 

gene_45 29300 30241 942 -1 294* major capsid protein* head and packaging 

gene_46 30254 31021 768 -1 295* hp* unknown 

gene_47 31024 31266 243 -1 296* hp* unknown 

gene_48 31263 33056 1794 -1 297 head-tail adaptor connector 

gene_49 33118 34662 1545 -1 298* terminase large subunit* head and packaging 

gene_50 34662 35075 414 -1 382 
Phage tail assembly 

chaperone 
tail 

gene_51 35085 36647 1563 -1 427 hp unknown 

gene_52 36681 36983 303 -1 568 hp unknown 

gene_53 36988 39357 2370 -1 569 tail fiber protein tail 

gene_54 39359 39850 492 -1 299* hp* unknown 

gene_55 39889 40014 126 1 350 hp unknown 

 

Table 41: Core proteins of the subfamily Cobavirinae in the family Zobellviridae. *maximum number of predicted ORFs 

divided by number of core proteins. 

predicted 

ORFs# 

core 

proteins

# 

Annotated 

core 

proteins # 

Annotated core proteins (sorted by functional category) 

Percentage 

core 

proteins / 

total 

ORFs* 

55-58 17 10 

DNA, RNA and nucleotide metabolism: thymidylate synthase 

ThyX (PC_1), DNA primase/helicase (PC_88), Endonuclease 

(PC_148), ribonucleotide reductase (PC_91), Glutaredoxin 

(PC_150), 

Head and packaging: internal virion protein D (PC_288), major 

capsid protein (PC_294), terminase large subunit (PC_298), 

Tail: tail appendage (PC_290), tail protein (PC_292) 

29.31% 

4.4. Discussion 

When we started the large-scale isolation campaign, only four described roseophage isolates 

had been recovered from the southern North Sea, the above described cobaviruses (ICBM1, 

ICBM2, and ICBM3) and Roseobacter phage CRP-235 (Qin et al. 2022). With this study, we 

were able to increase the knowledge on the diversity of dsDNA roseophages in this habitat 

significantly. We obtained more than a hundred new lytic roseophages, which we then classified 

taxonomically and genome characterized. We sequenced a total of 128 unique dsDNA 

roseophage genomes, belonging to twelve different genera. From these, 28 representative 

genomes were further investigated and could be assigned to eight families. Four of them 

represent existing, ICTV-recognized families: Autographiviridae (six phages), Casjensviridae 

(one phage), Mesyanzhinoviridae (two phages) and Zobellviridae (one phage). The remaining 

four families are here newly proposed: “Hayaniviridae” (six phages), “Schlingloffviridae” (two 

phages), “Diferiteviridae” (five phages), and “Woolleyviridae” (five phages) (Table 16). 

Furthermore, we propose here two new subfamilies: the “Incetivirinae” subfamily within the 
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Autographiviridae family, and the “Maresulfivirinae” within the Mesyanzhinoviridae family. 

The novel roseophages infect hosts of the genera Sulfitobacter, Lentibacter and 

Octadecabacter. They have dsDNA genomes ranging in size from 33.3 kb (Sulfitobacter phage 

ICBM130, “Woolleyviridae”) to 80.8 kb (Sulfitobacter phage ICBM153, Mesyanzhinoviridae). 

About two thirds of the genomically analysed new roseophages show evidence of a lysogenic 

lifestyle. 

4.4.1. Thresholds for phage taxonomic classification 

In our phage classification approach, we performed a hierarchical clustering of the viral 

genomes based on the intergenomic distances of their shared protein content (proteins were 

clustered with 70% coverage and 100% identity). Subsequently, we split this proteomic tree 

into viral genome clusters (VGCs) using a distance threshold that fit best the existing ICTV 

families (99.5% distance). However, looking at the individual VGCs, we observed a high 

genomic diversity, underlined by the absence or a low number of core protein clusters or, in 

some cases, by the presense of different virion morphologies in the same VGC (e.g., 

siphoviruses and podoviruses in VGC_11, see chapter 4.3.5.3.). In our opinion, viral families 

should cluster viruses that share a strong core of protein clusters (especially belonging to the 

virion structure and morphogenesis module), have a similar morphology, DNA-replication and 

life-style. These criteria are in line with the new recommendations for viral classification 

(Simmonds et al. 2023). Within our data set, mostly viral groups smaller than the complete 

VGCs showed such common characteristics that they can be classified as families. Accordingly, 

we used a threshold of 30% PC-based intergenomic similarities to delineate new phage families 

(or subfamilies in the case of subclusters within already ICTV recognized families). 

Furthermore, virion morphology, genome replication strategy and host taxonomy further 

strengthened our classification approach. The predicted morphologies of the new ICBM phages 

were consistent within each family, being either of podoviral type (Autographiviridae, 

Zobellviridae and “Diferiteviridae”) or siphoviral type (“Hayaniviridae”, “Schlingloffviridae”, 

Casjensviridae, Mesyanzhinoviridae and “Woolleyviridae”) (Table 16). The predicted mode of 

genome replication was not as uniform within each family, but overall was limited to two types, 

either T7-type bidirectional replication and direct terminal repeats (DTRs), or P1-type rolling 

circle replication and headful (pac) packaging with circularly permuted genomes (Table 16). 

As a future task, phylogenetic analysis of viral hallmark genes, e.g., major capsid protein, which 

was detected in the core proteome of all families, should be performed in order to confirm the 

proposed family affiliation and intra-family taxonomy. For the classification into levels higher 
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than family rank, our PC-based tree is not sufficient. To determine order-level ranks, VirClust 

could be used again to calculate a hierarchical clustering of the viral genomes based on protein 

super clusters (PSCs) (Moraru 2023). For viral classification into higher ranks such as phyla, 

phylogenetic analysis of highly conserved hallmark genes and protein structure comparisons 

should be applied (Simmonds et al. 2023). 

4.4.2. Diversity of the discovered phage families 

Using the direct-plating approach for phage isolation, and partly also the enrichment 

approach, we were able to capture a high roseophage diversity. Although they are all dsDNA 

phages, and were all isolated using only three host genera from Roseobacteraceae, the 

taxonomic classification revealed quite diverse family compositions. Here, we provide a small 

window into the true roseophage diversity in the North Sea and the ecology behind. The phage 

families with more than one new roseophage comprise isolates from two to four different water 

samples, indicating the different degrees of diversity of the families as well as their relevance 

at different locations and years in the North Sea. Some families include phages infecting closely 

related hosts (“Hayaniviridae”, “Woolleyviridae”, infecting Sulfitobacter), while other families 

include viruses infecting two different host genera (e.g., “Diferiteviridae”, infecting 

Sulfitobacter and Lentibacter). It would be an exacting task in the future to test the capability 

of all these phages to infect different genera on the one hand, and highly similar strains of the 

same species on the other hand. Furthermore, the proposed phage (sub-) families display 

different degrees of conservation regarding protein content. The number of core proteins ranges 

from eight (“Diferiteviridae”) to 31 on family level (“Schlingloffviridae”), and 36 on subfamily 

level (“Maresulfivirinae”). In accordance with the prerequisite of having a similar DNA 

replication and virion morphology to be a family, the majority of the core proteins in all families 

are involved in those critical functions belonging to the functional categories of “head and 

packaging” and “DNA replication”. In all families, the major capsid protein and the terminase 

large subunit belong to the annotated core proteins. Furthermore, the portal protein, the capsid 

scaffolding protein as well as the DNA polymerase, DNA primase/helicase and the thyX 

thymidylate synthase are core proteins in many families. 

4.4.3. Genetic particularities of the new roseophages 

The newly described roseophages possess varying interesting features as indicated by 

different auxiliary metabolic genes (AMGs) and genes involved in anti host-defense 

mechanisms encoded in their genomes. In most families, methylases are encoded, which are 
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well known as part of the viral response to the host defensive restriction-modification systems 

(Murphy et al. 2013). Additionally, the genomes of the “Schlingloffviridae” family encode a 

SaV-like protein, which is involved in the recognition of abortive infection systems (Haaber et 

al. 2009). Members of the “Maresulfivirinae” subfamily have the genes for queuosine 

biosynthesis encoded in their genomes, which was shown more recently to serve for protection 

of the viral DNA against bacterial restriction enzymes (Hutinet et al. 2019) (Table 16). Another 

interesting gene was found in the genomes of the “Benvirus” genus of the “Diferiteviridae” 

family. The phosphoadenosine phosphosulfate (PAPS) reductase can function as an AMG 

which benefits the host in low-sulfur conditions (Summer et al. 2006). Furthermore, the new 

roseophage isolates in the Autographiviridae family possess genes for the regulation of host 

chromosome condensation (RCC1). These regulators are common in eukaroytic genomes, but 

have so far only been described in two other phages (Abbasifar et al. 2014; Wagemans et al. 

2020). 

Strinkingly, we found no DNA polymerases in the phage genomes from the 

“Diferiteviridae” and “Woolleyviridae”. We can only hypothesize that these phages use their 

host´s DNA polymerase for replication, as it has been shown for example for Bacillus subtilis 

phage SPP1 (Seco et al. 2013). However, it is theoretically also possible that they possess a 

polymerase gene that is so different from all known genes that it could not be annotated. Cai et 

al. (2023) recently detected a completely new clade of cyanopodophages without a DNA 

polymerase encoded in their genomes and showed that they are very abundant in surface oceans 

worldwide. 

Phages are known to have their own set of tRNAs to enhance translation efficiency during 

infection and thus facilitate phage production (Enav et al. 2012). Accordingly, Holmfeldt et al. 

(2013) detected a correlation of the amount of phage encoded tRNAs in Cellulophaga phages 

and the number of infected host strains. Sulfitobacter phages ICBM129 and ICBM153 belong 

to the same newly proposed subfamily “Maresulfivirinae”, but possess different numbers of 

tRNA genes (none and seven, respectively). It would be an interesting task for future research 

to determine their host range in order to test if this correlation holds true here as well. 

4.4.4. Conclusions 

Once more, we could significantly extend the knowledge of dsDNA roseophages by isolation, 

genome sequencing, and taxonomic classification of phages infecting three Roseobacteraceae 

genera. Taxonomic assignment of the new viruses to eight different families, including four 
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completely new ones, indicates again the vast diversity of marine phages still awaiting to be 

uncovered. The obtained collection of genome-sequenced phage isolates provides a wide range 

of opportunities for further research, both at genomic and cultivation level. 
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5. Microdiversity of the sulfiviruses and their hosts 

(preliminary results) 

5.1. Chapter summary 

Many of the new dsDNA roseophage isolates obtained in the isolation campaign described in 

the previous chapter grouped into a large genus-level cluster – the “Sulfivirus” genus – infecting 

closely related Sulfitobacter strains. From the complete genus, only six representatives were 

considered for further classification in the previous chapter, and they were placed in the newly 

proposed family “Hayaniviridae”. Having this large collection of phages from one single genus 

at hand, together with the collection of highly related, but different host strains, it was a great 

opportunity to investigate the genomic microdiversity of both phages and hosts. Furthermore, 

the influence of this microdiversity on phage-host interactions, more precisely the host range, 

could be examined. 

The results described in this chapter represent a preliminary work. Thus, there is no 

separate subchapter for discussion. Instead, initial discussion approaches are presented together 

with the results.  
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University and Research, NL) helped us with the investigation of recombination events in the 

viral genomes. 
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5.2. Materials and methods 

5.2.1. 16S / ITS phylogenetic analysis of sulfivirus host strains 

Sequencing of the 16S rRNA gene and the internal transcribed spacer (ITS) region of the 

bacterial hosts are described in chapter 4.2.3. The phylogenetic tree based on the 16S rRNA 

gene showed, that all sulfivirus host strains were identical or almost identical at the 16S rRNA 

level (chapter 4.3.1). Thus, we performed further phylogenetic analysis including the ITS 

region. Sequence alignment and tree calculation were performed using Geneious Prime® 

(version 2021.2.2). The neighbor-joining tree was calculated with Jukes-Cantor correction and 

1000 bootstrap replicates. The closest relative of the host strains was retrieved by a BLASTN 

(Camacho et al. 2009) search against the nucleotide collection (nr/nt) and included into the 

phylogenetic tree.  

In addition, phylogenetic analysis based only on the 16S rRNA gene was performed with the 

ARB software package (Ludwig et al. 2004). Using the reference data set SSU Ref NR 138.1, 

a neighbor-joining tree was calculated with Jukes-Cantor correction, 1000 bootstrap replicates 

and the termini filter. Members of the genus Psychrobacter served as an outgroup. 

5.2.2. Whole genome sequencing of sulfivirus host strains 

Thirty representative host strains were cultivated in liquid MB50 medium for 1 - 2 days at 20 °C 

and 100 rpm. DNA extraction for the two sequencing techniques Illumina and Nanopore was 

performed using different protocols. For Illumina sequencing it was performed in our laboratory 

as described further. From a culture with an OD600 higher than 0.5, 500 µl were transferred to a 

PCR clean reaction tube and centrifuged for 15 min at 4000 x g and 20 °C. The supernatant was 

discarded and the pellet resuspended in 100 µl of the ChargeSwitch gDNA Mini Bacteria Kit 

(ThermoFisher Scientific). The genomic DNA was extracted following the instruction manual 

of the kit with the incubation step for cell lysis performed for 1 h at 80 °C. DNA concentrations 

were determined using the Qubit 2.0 fluorometer and the Qubit dsDNA HS Assay kit 

(ThermoFisher Scientific). Extracted DNA was stored at 4 °C. For Nanopore sequencing, 

frozen cell pellets were sent to our collaborators for DNA extraction and sequencing. For the 

preparation of these cell pellets 2 x 35 ml culture were grown to an OD600 higher than 0.5. 

Culture vessels were cooled on ice. After centrifugation for 15 min at 4000 x g and 4 °C, the 

supernatant was removed leaving about 2 ml of culture medium for pellet resuspension. The 

resuspended cells were split into 500 - 1000 µl aliquots in smaller reaction tubes and 
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centrifuged again for 15 min at 4000 x g and 4 °C. The supernatant was removed and 

centrifugation repeated with the same parameters. Finally, the pellet was frozen in liquid 

nitrogen and stored at -80 °C. Further sample preparation, i.e. DNA extraction, was performed 

by our collaborators Anja Poehlein and Mechthild Bömeke at the Göttingen Genomics 

Laboratory (University of Göttingen). Whole genome sequencing by Illumina and Nanopore 

technologies was carried out by our collaborators in Göttingen, who provided us with the 

readily assembled and annotated genomes.  

5.2.3. Phylogenomic analysis of the sulfivirus host strains 

The most closely related strains were retrieved by running 20 of the host genomes in the 

Type strain Genome Server (TYGS) (Meier-Kolthoff and Göker 2019). The genomes of the 17 

related strains in the output tree were downloaded from the NCBI Nucleotide database and 

together with all 30 sulfivirus host genomes were submitted to the Genome-to-Genome 

Distance Calculator 3.0 (GGDC) (Meier-Kolthoff et al. 2021), running each genome against all 

other genomes in a separate project, respectively. The GGDC output for all genomes was 

combined in a d6 intergenomic distance matrix and a hierarchical clustering tree was calculated 

using the hclust package in the R programming environment (R Core Team (2020), 

https://www.r-project.org/). 

5.2.4. Initial comparative analysis of host genomes 

First, the plasmids of all 30 strains were clustered with VirClust (Moraru 2023), using BLASTp 

for protein clustering (bitscore threshold of 100, coverage threshold of 80, evalue threshold of 

0.0001, clustering based on log evalues), the complete agglomeration method for plasmid 

clustering and a 0.7 clustering distance for tree splitting. After the plasmids were assigned to 

different clusters, the Sulfitobacter strains were clustered based on absence/presence of these 

plasmid clusters (distance matrix computation method “binary”, agglomeration method 

“ward.D2”) and the result was visualized as a heatmap including the infection patterns of the 

sulviruses using the R programming environment (R Core Team (2020), https://www.r-

project.org/).  

A search for prophages in the chromosomes and plasmids was performed using Prophage 

Hunter (Song et al. 2019) and PHASTER (Arndt et al. 2016). Genomes of the detected active 

prophages were compared determining their nucleotide-based intergenomic sequence identity 

using VIRIDIC with default settings (Moraru et al. 2020). 

https://www.r-project.org/
https://www.r-project.org/
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5.2.5. Phage genomic analysis 

5.2.5.1. Clustering of sulfivirus genomes on species and genus level 

Nucleotide-based intergenomic identities of all sulfivirus pairs was calculated with VIRIDIC 

(Moraru et al. 2020), using the default options (“-word_size 7 -reward 2 -penalty -3 -gapopen 

5 -gapextend 2”). A whole genome-based phylogenetic tree was created by pairwise 

comparisons of the nucleotide sequences using the Virus Classification and Tree Building 

Online Resource (VICTOR, available at https://victor.dsmz.de), and the underlying Genome-

BLAST Distance Phylogeny (GBDP) method under settings recommended for prokaryotic 

viruses (Meier-Kolthoff et al. 2013; Meier-Kolthoff and Göker 2017). Taxon boundaries at the 

species, genus and family level were estimated with the OPTSIL program (Göker et al. 2009; 

Meier-Kolthoff et al. 2013) and the clustering thresholds suggested by Meier-Kolthoff et al. 

(2013). 

5.2.5.2. Protein-based hierarchical clustering of the sulfivirus genomes and gene 

annotations using VirClust 

A hierarchical clustering of all sulfivirus genomes was performed with VirClust (Moraru 2023) 

with the following parameters: BLASTp for the creation of protein clusters (clustering based 

on log evalues, thresholds for matches being removed: evalue >0.00001, bitscore <50, coverage 

<0, identity <0%), the “complete” agglomeration method for genome tree calculations and a 

distance of 0.9 to split the genomes into clusters. Functional annotations of predicted genes and 

their proteins was performed with VirClust, by searching against the databases InterPro (Finn 

et al. 2017), Prokaryotic Virus Orthologous Groups (pVOGs, Grazziotin et al. (2017)) and Virus 

Orthologous Groups (VOGDB, https://vogdb.org/help). A final, consensus annotation was then 

assigned manually. Core proteins were determined for each viral genome cluster (VGC), also 

using VirClust. Genome maps were generated using the genoPloR package (Guy et al. 2010) 

from the R programming environment (https://www.rproject.org/). tRNAs were identified with 

the online tool tRNAscan-SE v. 2.0 (http://lowelab.ucsc.edu/tRNAscan-SE/index.html) using 

the option “bacterial” as sequence source (Lowe and Chan 2016). Further, a second VirClust 

analysis was performed with settings able to capture fine differences between proteins, to enable 

investigation of the sulfivirus microdiversity. In a first step, proteins were clustered only if they 

were identical (thresholds used for filtering the BLASTp hits: evalue >0.00001, bitscore <50, 

coverage <100, identity <100%). Then, intergenomic distances were calculated based on these 

protein clusters, and used further for hierarchical clustering of the sulfivirus genomes (the 

“complete”  agglomeration method for tree building, and an 0.9 distance for tree spitting). 
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5.2.5.3. Detection of recombination events 

The ProgressiveMauve alignment (Darling et al. 2010) implemented in Geneious Prime® 

(version 2021.2.2) was used with default options to create a whole genome alignment of all 

sulfiviruses. After extraction of collinear blocks, gap removal and concatenation, an alignment 

of the core regions was obtained with MAFFT (Katoh and Standley 2013). Maximum 

likelihood (ML) phylogenies were estimated using IQ-TREE (v1.6.12) (Nguyen et al. 2015) 

and based on them, recombination events were identified with ClonalFrameML (v1.12) 

(Didelot and Wilson 2015). Apart from the visual display of recombination and mutation sites 

in the genomes, the results from ClonalFrameML were used to calculate the relative effect of 

recombination to mutation (r/m). 

5.2.6. Host range determination 

Cross-infectivity of each sulfivirus was tested against 59 original Sulfitobacter host strains by 

spot assay and streak assay. For initial screening, a spot assay was performed in which dilutions 

100, 10-3 and 10-5 of a fresh viral lysate were spotted on an agar plate with a soft agar layer 

containing the respective bacterial strain. Dilutions of the viral lysate (prepared from a liquid 

infection culture as described in chapter 4.2.5.2) were created by mixing with ASWbase 

medium. An aliquot of exponentially growing host culture (final OD600 in 3 ml = 0.0233) was 

pipetted in the middle of an MB50% agar plate (1.8% agar) and 3 ml of MB50%-soft agar 

(0.6% low melting Biozym Plaque GeneticPure agarose, Biozym, kept warm at 40 °C) were 

added into the middle of the culture droplet. The plate was shaken for mixing and even 

distribution of the soft agar layer. After solidification of the soft agar layer, 10 µl droplets of 

the phage dilutions were pipetted on top. Plates were incubated for up to one week at 20 °C and 

regularly checked for plaque formation. 

To confirm the results, all sulfiviruses were again tested against all Sulfitobacter host 

strains  in a streak assay, an adaptation of the method described by Kauffman and Polz (2018). 

Here, a droplet of undiluted phage lysate was also spotted on the soft agar layer containing the 

bacterial strain. Immediately afterwards, while the soft agar was still liquid, a dilution streaking 

was performed (Fig. 51a). For this, a sterile toothpick was swiped through the phage droplet 

and the soft agar creating three parallel streaks. The plate was turned a bit counterclockwise 

and a fresh toothpick was taken to make another three streaks crossing the end of the previous 

streaks. The plate was turned again and a final toothpick was taken to make one serpentine 

streak starting at the end of the secondary streaks. This way, single virus plaques could be 

observed in case of successful infection and a false positive result due to spontaneous cell lysis 
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could be excluded. Plates were incubated at 20 °C and checked or plaque formation after three 

days (Fig. 51b). 

For those phage-host combinations that gave contradictory results in the spot assay and 

streak assay, another round of streak assay was conducted. Clustering of the sulfiviruses 

according to their infectivity patterns (distance matrix computation method “binary”, 

agglomeration method “ward.D2”) and heatmap visualization was performed using the R 

programming environment (R Core Team (2020), https://www.r-project.org/). Likewise, 

further heatmaps with the phages clustered by isolation hosts or based on the core region-

phylogenetic tree were prepared. 

 

Fig. 51: Host range determination. (A) Scheme of the streak assay for host range determination. Steps 1 and 2 were performed 

with the pipette tip, for steps 3 and 4 a fresh sterile tooth pick was taken, respectively. (B) Examples for plates positive for 

infection and with single plaques visible. (Image created with Biorender.com). 

5.2.7. TEM of sulfiviruses ICBM16 and ICBM18 

In order to determine the morphology of the sulfiviruses, fresh lysates of two representatives 

(phages ICBM16 and ICBM18) were concentrated by polyethylene glycol (PEG) precipitation 

and examined under the transmission electron microscope (TEM). The phage lysates were 

prepared from two subsequent infection cultures, similar to the method used for the high titer 

lysates of the cobaviruses (see chapter 2.2.4). The first culture was set up inoculating 100 ml 

MB medium with Sulfitobacter sp. M53 to a final OD600 of 0.06 and 1 ml of the respective 

phage stock. In parallel, two cultures without phage were incubated, one as preculture, one as 

control. After incubation for 12 h at 20 °C and 100 rpm, lysis was indicated by cell debris and 

a decrease in OD600 as compared to the non-infected cultures. The phage fraction was harvested 

by centrifugation (15 min at 5752 rcf, 20 °C) and keeping the supernatant. The preculture was 

also centrifuged, the supernatant discarded and the pellet resuspended in 100 ml 2x MB, to 

which the phage fraction was added. This way, a highly concentrated phage-host mixture was 

established for the second infection round. The new infection culture and a control (the control 

culture from the first round of infection diluted with 100 ml 2x MB) were incubated for 10 h at 

https://www.r-project.org/
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20 °C and 100 rpm. The OD600 of the cultures was monitored hourly. When a decrease of the 

OD600 in the infection culture below 0.25 was observed, the phage lysate was harvested by 

centrifugation (15 min, 5752 rcf, 20 °C) and stored at 4 °C. For concentration by PEG 

precipitation, the phage lysates were incubated for 12 h at 4 °C with PEG (final concentration 

10%) and NaCl (final concentration 0.06 M). The supernatant was discarded after 

centrifugation for 2 h at 7197 x g and 4 °C and the pellet resuspended in 500 µl SM buffer, 

pooling all pellets of the same phage.  

For transmission electron microscopy, 30 µl of the phage lysate were placed on the sterile 

side of a piece of Parafilm® and a carbon coated grid (Formvar 162, 200 mesh) was placed on 

top with the shiny side facing the droplet. After 3 min of absorption, the grid was transferred to 

a droplet of 30 µl 2% uranyl acetate solution for 20 s. Immediately afterwards, the grid was 

picked up and the remaining liquid was carefully removed using filter paper, leaving a thin film 

behind. After air drying for 15 min, the grids were examined with the transmission electron 

microscope Zeiss EM902A. Images were documented with the Proscan High Speed SSCCD 

camera and analyzed using the software ImageSP viewer (Version 1.2.10.36, SYSPROG). 

Phages negatively stained were used for size measurements. 

5.3. Results and discussion 

5.3.1.  A micro-diverse bacterial collection served for isolation of Sulfivirus 

phages 

The closely related sulfiviruses analyzed in this project have been isolated from 48 Sulfitobacter 

host strains. Analysis of the 16S rRNA gene and the 16S-23S rRNA internal transcribed spacer 

(ITS) region revealed that most of the host strains had an identical 16S rRNA gene, and even 

an identical IST (Fig. 52, SI File S5-1), indicating that they belong to the same species. In the 

16S rRNA gene based phylogenetic analysis (Fig. 53) these strains formed a highly supported 

clade together with Sulfitobacter marinus DSM 23422 (99.31 - 99.42 % sequence identity, see 

SI File S5-2), suggesting that they belonged to a new species within the genus Sulfitobacter. 

Furthermore, whole genome analysis of a selection of 30 host strains confirmed this (Fig. 54). 

The very low intergenomic distances (max 0.0885, see SI file S5-3) showed that these host 

strains were highly related and belonged to the same microdiverse species level population. 
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Fig. 52: Neighbor-joining tree based on the 16S rRNA gene and ITS region of 

46 sulfivirus host strains plus their closest relative Sulfitobacter marinus 

DSM23422. Strains M71 and M172 are missing from the tree, but their 

sequences were 99.9% identical to that of strain M290 (see Fig. S15). 

*additional host strains of phages that were either not successfully sequenced 

or turned out to be duplicates. 
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Fig. 53:  Neighbor-joining tree based on the 16S rRNA 

gene of 46 sulfivirus host strains and other Sulfitobacter 

strains, plus reference genomes. Psychrobacter strains 

served as outgroup. Strains M71 and M172 are missing 

from the tree, but their 16S rRNA gene sequences were 

99.9% identical to that of strain M290 (see Fig. S15). 

*additional host strains of phages that were either not 

successfully sequenced or turned out to be duplicates. 
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Fig. 54:  Hierachical clustering tree based on whole genome distances of 30 Sulfitobacter host strains plus 17 related strains. 
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5.3.2. 89 phage isolates of one genus 

As mentioned before, the 89 phages (72 complete + 17 partial genomes) isolated from the 

above-described host strains were highly similar. Sharing more than 68.4% nucleotide-based 

intergenomic identity, they belonged to a single phage genus, provisionally called the 

“Sulfivirus” genus (Fig. 56). Within this genus, the phages could be provionally assigned to 48 

species clusters (Table 42, note: the cluster IDs are different from those assigned in chapter 

4.3.4.). The sulfiviruses were isolated by direct plating from four different seawater samples, 

either directly from the shore (NHS) or from the mesocosm experiment (P1, P2, and P4). 

Examination of two sulfiviruses with transmission electron microscopy (TEM) revealed a 

siphoviral morphology with a long, non-contractile tail (Fig. 55). Sulfitobacter phage ICBM16 

had a capsid size of 63 ± 3 nm and a tail of 141 ± 8 nm in length (46 virions measured). 

Sulfitobacter phage ICBM18 had a capsid size of 63 ± 4 nm and a tail of 142 ± 7 nm in length 

(50 virions measured). The siphoviral morphology was also reflected by gene annotations (see 

chapter 5.3.2.1.). Whole genome-based classification of six representatives with VirClust 

(Moraru 2023) and analysis of shared protein clusters showed that they clustered together with 

three other roseophages (Lentibacter phages ICBM7 and ICBM166 and Roseobacter phage 

CRP-6), but constituted their own phage family (see chapter 4.3.5.4). In addition, the whole 

genome-based phylogeny obtained with the VICTOR web service (Meier-Kolthoff and Göker 

2017) and the taxon boundaries estimated with OPTSIL (Göker et al. 2009) assigned all phages 

to one genus and one family (Fig. 57). 

The size of complete sulfivirus genomes ranged from 50.122 - 55.591 kb and the G+C 

content from 44.5 - 45.0% (Table 42). In these genomes, 80 to 95 ORFs were predicted (see SI 

file S5-4). The genomes of 17 sulfiviruses could be sequenced only partially, but they were 

almost complete having genome sizes of 45.405 - 54.605 kb. Genome ends had short direct 

terminal repeats (DTRs) of 306 - 361 bp, indicating a T7-like DNA packaging strategy (see 

Table S13). With protein clustering using relaxed thresholds (evalue >0.00001, bitscore <50, 

coverage <0, identity <0%), more than two thirds (65) of all protein clusters (PCs) were present 

in all sulfivirus genomes (Fig. 58). Out of these core genes, 25 could be annotated. They 

represented almost all functional categories, including “DNA, RNA and nucleotide 

metabolism”, to “lysis”, “head and packaging”, “tail”, “connector”, “anti-host defense” and 

“other” (Table 43). By comparison, in chapter 4.3.5.4, only 63 core PCs were determined for 

the six sulfiviruses in the “Hayaniviridae” family. The discrepancy lies in the different protein 

clustering parameters used between the two chapters, with the parameters used in chapter 

4.3.5.4 being more stringent and grouping proteins that are more similar. Likewise, some 
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functional annotations differed between the two chapters, reflecting the fact that the different 

databases queried for protein annotation sometimes return slightly different results and even 

with manual review, it can be difficult to find the most accurate consensus annotation. However, 

most of these differences did not affect the overall functional category of the respective protein 

(Table 43). 

 

Fig. 55: TEM image of uranyl-acetate stained virions of Sulfitobacter phages ICBM16 and ICBM18. 
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Fig. 56: Nucleotide-based intergenomic identities within the “Sulfivirus” genus, as calculated with VIRIDIC. Identies higher 

than 99.9 % are rounded up to 100 %. 
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Fig. 57: Whole genome-based phylogeny of the 89 sulfiviruses and reference genomes, as obtained with the Genome-BLAST 

Distance Phylogeny method implemented in the VICTOR web service (nucleic acid data). Phages ICBM96 and ICBM149 

turned out to be contaminated and were later removed from the collection. OPTSIL clustering into family (F), genus (G) and 

species (S) is included in the label after the phage ID.  
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Table 43: Core proteins of the “Sulfivirus” genus.  

Category PC ID Protein function 
PC ID in  

chapter 4.3.5.4. 

Alternative  

functional annotation 

in chapter 4.3.5.4. 

DNA, RNA and 

nucleotide 

metabolism 

1 DNA polymerase 94  

19 Exonuclease 90  

18 Thymidylate synthase ThyX 1  

2 HNH-endonuclease 305  

10 Primase/helicase 200  

28 Ribonucleotide reductase 300  

9 
RNA polymerase sigma 

factor 
167 Hypothetical protein 

63 Endonuclease 179 HNH-endonuclease 

Lysis 40 Lysozyme 3 
Endolysin (lysozyme-

peptidase) 

Head and packaging 

60 Capsid decoration protein 151 Capsid protein 

61 Capsid maturation protease 196  

59 Major capsid protein 104  

62 Portal protein 105  

54 Terminase large subunit 82  

20 Terminase small subunit 175 HNH endonuclease 

Tail 

53 Baseplate protein 368 
Concanavalin A-like 

lectins/glucanases 

47 Major tail tube protein 99 Minor tail protein 

42 
Putative tail fiber adhesion 

protein 
2 Tail fiber protein 

44 Tail tape measure protein 310  

Connector 

50 

Putative head-tail joining 

protein / tail attachment 

protein 

101 Head closure Hc1 

48 
Putative tail terminator 

protein 
100 Tail completion Tc1 

Anti-host defense 25 DNA adenine methylase 180  

Other 

24 Metallo-phosphoesterase 96  

26 

phosphoribosyl-ATP 

pyrophosphohydrolase 

MazG 

181 
Nucleotide 

pyrophosphohydrolase 

Unknown 
57, 3, 4, 5, 

6, 7, 58, 8, 
Hypothetical protein 

158, 160, 161, 162, 163, 

164, 165, 166, 168, 152, 
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11, 43, 66, 

67, 12, 13, 

14, 15, 16, 

17, 21, 22, 

23, 27, 29, 

30, 31, 32, 

33, 34, 35, 

36, 37, 38, 

39, 41, 45, 

46, 49, 51, 

52, 55, 56 

259, 169, 170, 147, 171, 

172, 173, 174, 176, 177, 

178, 182, 183, 184, 185, 

186, 187, 188, 189, 190, 

191, 192, 193, 194, 97, 

98, 195, 102, 103, 106, 

197 

 

 

Table 44: Non-core protein clusters of the “Sulfivirus” genus. 

PC ID Category Protein function 

Number of 

sulfivirus genomes 

containing the PC 

86 

anti-host defense 

DNA_adenine_methylase 40 

92 DNA_adenine_methylase 31 

80 DNA_cytosine_methylase 50 

119 putative_anti-restriction_nuclease 8 

91 

DNA, RNA and nucleotide metabolism 

HNH_endonuclease 33 

130 HNH_endonuclease 6 

138 HNH_endonuclease 4 

65 HNH_homing_endonuclease 86 

110 Polynucleotide_kinase_/_phosphatase 11 

90 putative_HNH_endonuclease 34 

89 
ribonucleotide_reductase_cobalamin_dep

endent 
34 

109 RNA_ligase 11 

73 tRNA_pseudouridine_synthase_D 70 

153 
moron, auxiliary metabolic gene and host 

takeover 

Phosphoadenosine_phosphosulfate_reduct

ase 
2 

82 

tail 

putative tail fiber 49 

116 putative_tail_protein 8 

105 tail_fiber_assembly_protein 18 

111 unknown GLTT_repeat_(6_copies) 11 
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Fig. 58: Hierarchical clustering of the sulfivirus genomes when using relaxed parameters for protein clusterings. Clustering 

based on log evalues. Thresholds for matches being removed: evalue >0.00001, bitscore <50, coverage <0, percentage identity 

<0. Clustering distance of 0.9. Affiliation of protein clusters to functional categories is marked by different colors. 
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5.3.2.1. Composition of sulfiviral genomes 

As shortly described already in chapter 4.3.5.4, the genomic architecture of the sulfiviruses 

comprised two arms, with genes organized in functional modules and encoded in forward 

direction on the left arm and in reverse direction on the right arm (Fig. 59). Apart from the two 

arms, 5 - 11 genes annotated as “hypothetical” were encoded in reverse direction at the very 

beginning of the genome. The genome of Sulfitobacter phage ICBM128 was the one with the 

most ORFs predicted among the complete genomes. Its architecture is shown in figure 59 and 

Table 46, as a representative of the “Sulfivirus” genus. For the genome maps and gene 

annotations of all complete sulfivirus genomes, see figure S16 in the appendix and SI files S5-

4 and S5-5. 

 

Fig. 59: Genome map of Sulfitobacter phage ICBM128. *core gene. 

On the left arm of the genome, genes of the functional category “DNA, RNA and 

nucleotide metabolism” were encoded (Table 46, Fig. 59). In this module, the protein-encoding 

genes with functional annotations were: an HNH-endonuclease (PC_2), an RNA polymerase 

sigma factor (PC_9), a bifunctional primase/helicase gene (PC_10), an RNA ligase gene 

(PC_109), a polynucleotide kinase/phosphatase gene (PC_110), the DNA polymerase gene 

(PC_1), a thymidylate synthase ThyX gene (PC_18), an exonuclease gene (PC_19), a 

ribonucleotide reductase gene (PC_28) and finally another HNH-endonuclease gene (PC_91). 

The polynucleotide kinase/phosphatase gene and the RNA ligase gene were only present in (the 

same) eleven sulfivirus genomes. In addition, the three core genes coding for the terminase 

small subunit (PC_20) (category “head and packaging”), a metallo-phosphoesterase (PC_24) 

and a phosphoribosyl-ATP pyrophosphohydrolase MazG (PC_26, category “other”) were 

located on the left genomic arm. Furthermore, DNA methylases were encoded on this arm, with 

their number (1 - 3) and position varying between sulfiviruses (PC_25, PC_86 = DNA adenine 

methylase, PC_80 = DNA cytosine methylase). In some genomes, another DNA adenine 
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methylase gene was encoded in reverse direction at the very end of the genome (PC_92). 

Methylases can serve for protection against restriction-modification systems. Thus, they were 

assigned to the functional category “anti-host defense”. Seven sulfiviruses (species 3 and 11) 

additionally had a putative anti-restriction nuclease encoded at the very end of the left arm, in 

the middle of the genome (PC_119). In general, the sulfivirus genomes differed in the number 

and position of genes annotated as encoding “hypothetical proteins”. In contrast, the structure 

of the morphology module on the right arm was more conserved, also regarding the hypothetical 

proteins. The module started with the gene coding for the terminase large subunit (PC_54, 

functional category “head and packaging”), followed by the baseplate protein (PC_53) and a 

putative tail fiber (PC_82). The tail fiber gene was annotated only in about half of the genomes. 

Subsequently, the other genes of the “head and packaging” category were clustered together, 

coding for the portal protein (PC_62), the capsid maturation protease (PC_61), the capsid 

decoration protein (PC_60) and the major capsid protein (PC_59). They were followed by two 

genes coding for the “connectors”, the tail terminator protein (PC_48) and the head-tail joining 

protein (PC_50). The genes coding for the tail components were again grouped together, i.e. 

the major tail tube protein (PC_47), the tail tape measure protein (PC_44), a putative tail fiber 

adhesion protein (PC_42) and a tail fiber assembly protein (PC_105). In 15 of the complete 

genomes, another tail fiber assembly protein (PC_105) was annotated. At the end of the right 

arm, towards the middle of the genome, a lysozyme encoding gene was detected (PC_40).  

As mentioned above, the majority of protein clusters (PCs) was present in all sulfivirus 

genomes, resembling the core proteome. Out of 94 PCs that were non-core proteins, 20 could 

be functionally annotated (Table 44). Most of them belonged to the categories “anti-host 

defense”, “DNA, RNA and nucleotide metabolism” and “tail”, indicating that major differences 

between the sulfivirus genomes were related to the adaptation to different host strains. While 

the different DNA methylases and the anti-restriction nuclease act against bacterial defense on 

DNA level, varying tail fiber proteins could serve for the attachment to differential hosts. 

Among the non-core PCs of the category “DNA, RNA and nucleotide metabolism” there were 

five PCs annotated as HNH homing endonucleases. Homing endonucleases are mobile 

elements that recognize DNA sequences lacking their gene at a specific site, cleave it and insert 

themselves into it by gene conversion (Belfort 2005; Stoddard 2011). HNH endonucleases were 

first known for the mediation of intron and intein mobility, in a process called “homing” (Dujon 

1989). However, “intron-less homing” has been observed between phage genomes, in which 

freestanding endonucleases are transferred, with co-conversion of parts of the flanking DNA 

(Belle et al. 2002; Liu et al. 2003). Often, HNH endonucleases are present as insertions in other 
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genes, especially frequently in DNA polymerases and RNR genes (Novikova et al. 2016; Bellas 

et al. 2020). The sulfivirus genomes differed in number (1 - 6) and position of these HNH 

homing endonucleases (PC_2, PC_65, PC_90, PC_91, PC_130, and PC_138). Some of them 

had an HNH module inserted in the primase/helicase gene (PC_10). Furthermore, the 

ribonucleotide reductase (RNR) was either encoded by one large gene (PC_28) or split in two 

shorter genes (PC_28 and PC_89), interrupted by a putative HNH endonuclease. Kala et al. 

(2014) discovered that in E. coli phage HK97, an HNH protein is associated to the large 

terminase protein and plays an essential role in capsid morphogenesis. They found the co-

location of HNH and terminase genes to be widespread among long-tailed phages and suggested 

that the terminase-associated HNH proteins represent a distinct subfamily. Also in many of the 

sulfivirus genomes, there were HNH endonuclease genes (PC_130, PC_138, and PC_65) 

encoded in close proximity to the terminase large subunit gene (PC_54). 

The nature of the DNA polymerase gene (PC_1) also varied between sulfivirus genomes. 

Some had one large gene with both domains, while others had the DNA polymerase domain 

and the exonuclease domain divided into two genes. In some genomes, there was a third DNA 

polymerase gene, separated from the others by a methylase gene. Two sulfiviruses (ICBM32 

and ICBM63, both with partial genomes) possessed a phosphoadenosine phosphosulfate 

(PAPS) reductase. As mentioned also in chaper 4.3.5.5 about the “Diferiteviridae” family, this 

enzyme has been found in phages before and could potentially promote host growth under sulfur 

limited conditions (Summer et al. 2006; Summer et al. 2007b). 

Almost half of the sulfivirus genomes had a tRNA gene (Table 45). The tRNA encoded 

for asparagine, cysteine or arginine, and was located at the very end of the genome, directly 

upstream of the hypothetical protein PC_55 and the terminase large subunit (PC_54). Almost 

all genomes possessing a tRNA gene also encoded the gene coding for a tRNA pseudouridine 

synthase D (PC_73), located next to the lysis gene in the middle of the genome. As mentioned 

earlier in chapter 4.3.6, phage tRNAs can enhance translation efficiency and progeny 

production. For some phages, a correlation between the number of tRNAs encoded in the viral 

genome and the number of infected host strains has been reported (Holmfeldt et al. 2013). 

However, Holmfeldt et al. (2013) compared the host ranges of phages with 16 and 24 tRNAs 

encoded with those having one or none tRNAs. When comparing sulfiviruses with one tRNA 

and those without a tRNA, no pattern in host range size could be observed (Fig. 63 in chapter 

5.3.4.). Xu et al. (2018) hypothesized that (cyano-) phages with high numbers of tRNA genes 

were prevailing in nutrient-rich environments, whereas in oligotrophic habitats phages had less 
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tRNA genes. At least for our sulfiviruses and roseophage isolates, which originate from algal 

bloom samples, this hypothesis does not apply. 

Hierarchical clustering of the genomes based on individual proteins instead of protein 

clusters (using VirClust, identity and coverage thresholds = 100%) revealed that if smaller 

differences such as point mutations are considered, the sulfivirus genomes were highly diverse 

(Fig. 60). They displayed a high degree of microdiversity. In order to investigate how this 

microdiversity could evolve, the next analytical step was to look for traces of recombination 

between the phage genomes. 

Table 45: tRNAs predicted in the genomes of the “Sulfivirus” genus. 

Sequence name tRNA start tRNA end tRNA type 

ICBM9 5330 5406 Asn 

ICBM10 46368 46292 Asn 

ICBM12 52784 52710 Cys 

ICBM18 50530 50454 Asn 

ICBM21 50164 50088 Asn 

ICBM22 52784 52710 Cys 

ICBM38 49008 48932 Asn 

ICBM41 52293 52217 Asn 

ICBM45 51357 51281 Asn 

ICBM47 50941 50865 Asn 

ICBM48 51207 51131 Asn 

ICBM49 52276 52202 Cys 

ICBM53 51822 51748 Cys 

ICBM56 8044 8120 Asn 

ICBM61 51137 51061 Asn 

ICBM62 47775 47699 Asn 

ICBM63 48539 48463 Asn 

ICBM69 48997 48921 Asn 

ICBM71 47664 47588 Asn 

ICBM76 47775 47699 Asn 

ICBM77 47852 47776 Asn 

ICBM82 27027 27103 Arg 

ICBM86 51372 51296 Asn 

ICBM88 51543 51467 Asn 

ICBM89 52342 52268 Cys 

ICBM90 49029 48953 Asn 

ICBM91 49008 48932 Asn 

ICBM99 50530 50454 Asn 

ICBM102 49005 48929 Asn 

ICBM103 49146 49070 Asn 

ICBM105 48997 48921 Asn 
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ICBM113 49986 49910 Asn 

ICBM119 52293 52217 Asn 

ICBM120 48226 48150 Asn 

ICBM124 51913 51837 Asn 

ICBM126 52433 52357 Asn 

ICBM127 51333 51257 Asn 

ICBM128 52259 52183 Asn 

ICBM137 51921 51847 Cys 

ICBM143 49659 49583 Asn 

 

Table 46: Gene annotations of Lentibacter phage ICBM128. Strand 1: forward orientation. Strand -1: reverse orientation. Hp 

= hypothetical protein. *Core proteins of sulfiviruses. (Note: PC-IDs are different from those in chapter 4.3.5.4.). 

Gene ID 
Gene 

start 

Gene 

end 

Gene 

length 

[bp] 

Strand PC ID Protein function Category 

gene_1 533 754 222 -1 70 hp unknown 

gene_2 751 1110 360 -1 71 hp unknown 

gene_3 1107 1367 261 -1 57* hp* unknown 

gene_4 1367 1549 183 -1 79 hp unknown 

gene_5 1565 2227 663 -1 68 hp unknown 

gene_6 2259 2429 171 -1 64 hp unknown 

gene_7 3204 3755 552 1 2* HNH-endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_8 3830 4114 285 1 84 hp unknown 

gene_9 4262 4456 195 1 3* hp* unknown 

gene_10 4459 4644 186 1 4* hp* unknown 

gene_11 4634 4915 282 1 5* hp* unknown 

gene_12 4917 5312 396 1 6* hp* unknown 

gene_13 5373 5819 447 1 7* hp* unknown 

gene_14 5816 6112 297 1 58* hp* unknown 

gene_15 6109 6360 252 1 8* hp* unknown 

gene_16 6375 6866 492 1 100 hp unknown 

gene_17 6933 7490 558 1 9* 
RNA polymerase sigma 

factor* 

DNA, RNA and nucleotide 

metabolism 

gene_18 7851 8192 342 1 94 hp unknown 

gene_19 8189 8548 360 1 74 hp unknown 

gene_20 8545 8742 198 1 83 hp unknown 

gene_21 8739 10409 1671 1 10* Primase/helicase* 
DNA, RNA and nucleotide 

metabolism 

gene_22 10409 11302 894 1 109 RNA ligase 
DNA, RNA and nucleotide 

metabolism 

gene_23 11303 12166 864 1 110 
Polynucleotide kinase / 

phosphatase 

DNA, RNA and nucleotide 

metabolism 

gene_24 12167 12355 189 1 136 hp unknown 

gene_25 12352 12786 435 1 11* hp* unknown 

gene_26 12779 13381 603 1 72 hp unknown 

gene_27 13365 13544 180 1 69 hp unknown 

gene_28 13541 13696 156 1 66* hp* unknown 

gene_29 13693 15582 1890 1 1* DNA polymerase* 
DNA, RNA and nucleotide 

metabolism 

gene_30 15703 15876 174 1 67* hp* unknown 
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gene_31 15891 16205 315 1 12* hp* unknown 

gene_32 16263 16826 564 1 13* hp* unknown 

gene_33 16826 17065 240 1 14* hp* unknown 

gene_34 17058 17276 219 1 15* hp* unknown 

gene_35 17273 17431 159 1 16* hp* unknown 

gene_36 17431 17634 204 1 17* hp* unknown 

gene_37 17750 18589 840 1 18* 
Thymidylate synthase 

ThyX* 

DNA, RNA and nucleotide 

metabolism 

gene_38 18586 18729 144 1 75 hp unknown 

gene_39 18726 19457 732 1 19* Exonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_40 19439 19627 189 1 87 hp unknown 

gene_41 19611 19985 375 1 20* 
Terminase, small 

subunit* 
head and packaging 

gene_42 20047 20364 318 1 21* hp* unknown 

gene_43 20361 20636 276 1 22* hp* unknown 

gene_44 20626 20826 201 1 23* hp* unknown 

gene_45 20833 21231 399 1 63* Endonuclease* 
DNA, RNA and nucleotide 

metabolism 

gene_46 21231 21998 768 1 24* 
Metallo-

phosphoesterase* 
other 

gene_47 21995 22660 666 1 25* 
DNA adenine 

methylase* 
anti-host defense 

gene_48 22660 22815 156 1 142 hp unknown 

gene_49 22808 23344 537 1 143 Pentapeptide repeats unknown 

gene_50 23419 23616 198 1 144 hp unknown 

gene_51 23679 23867 189 1 145 hp unknown 

gene_52 23864 24250 387 1 26* 

phosphoribosyl-ATP 

pyrophosphohydrolase 

MazG* 

other 

gene_53 24247 24534 288 1 27* hp* unknown 

gene_54 24560 26263 1704 1 28* 
Ribonucleotide 

reductase* 

DNA, RNA and nucleotide 

metabolism 

gene_55 26447 26905 459 1 91 HNH-endonuclease 
DNA, RNA and nucleotide 

metabolism 

gene_56 26946 27548 603 1 29* hp* unknown 

gene_57 27545 27814 270 1 30* hp* unknown 

gene_58 27817 28047 231 1 31* hp* unknown 

gene_59 28071 28373 303 1 32* hp* unknown 

gene_60 28370 28834 465 1 33* hp* unknown 

gene_61 28973 29176 204 -1 34* hp* unknown 

gene_62 29139 29378 240 -1 35* hp* unknown 

gene_63 29375 29584 210 -1 36* hp* unknown 

gene_64 29544 30017 474 -1 37* hp* unknown 

gene_65 30017 30211 195 -1 38* hp* unknown 

gene_66 30590 30892 303 -1 39* hp* unknown 

gene_67 30885 31430 546 -1 40* Lysozyme* lysis 

gene_68 31427 31708 282 -1 73 
tRNA pseudouridine 

synthase D 

DNA, RNA and nucleotide 

metabolism 

gene_69 31705 32100 396 -1 105 
Tail fiber assembly 

protein 
tail 

gene_70 32093 32596 504 -1 41* hp* unknown 

gene_71 32618 34417 1800 -1 42* 
Putative tail fiber 

adhesion protein* 
tail 

gene_72 34410 35201 792 -1 43* hp* unknown 

gene_73 35223 37718 2496 -1 44* 
Tail tape measure 

protein* 
tail 
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gene_74 37730 37996 267 -1 45* hp* unknown 

gene_75 38092 38466 375 -1 46* hp* unknown 

gene_76 38538 38717 180 -1 96 hp unknown 

gene_77 38828 39751 924 -1 47* Major tail tube protein* tail 

gene_78 39776 40183 408 -1 48* 
Putative tail terminator 

protein* 
connector 

gene_79 40180 40569 390 -1 49* hp* unknown 

gene_80 40600 40959 360 -1 50* 

Putative head-tail 

joining protein / tail 

attachment protein* 

connector 

gene_81 40959 41408 450 -1 51* hp* unknown 

gene_82 41428 41880 453 -1 52* hp* unknown 

gene_83 41946 42914 969 -1 59* Major capsid protein* head and packaging 

gene_84 42929 43309 381 -1 60* 
Capsid decoration 

protein* 
head and packaging 

gene_85 43317 44732 1416 -1 61* 
Capsid maturation 

protease* 
head and packaging 

gene_86 44732 45277 546 -1 77 hp unknown 

gene_87 45280 46716 1437 -1 62* Portal protein* head and packaging 

gene_88 46753 47265 513 -1 81 hp unknown 

gene_89 47262 47558 297 -1 82 Putative tail fiber tail 

gene_90 47561 50221 2661 -1 53* Baseplate protein* tail 

gene_91 50237 51658 1422 -1 54* 
Terminase, large 

subunit* 
head and packaging 

gene_92 51750 52160 411 -1 55* hp* unknown 

gene_93 52798 53502 705 -1 92 
DNA adenine 

methylase 
anti-host defense 

gene_94 53499 53795 297 -1 93 hp unknown 

gene_95 53792 53980 189 -1 56* hp* unknown 

 

 

Fig. 60: Hierarchical clustering of the sulfivirus genomes when the intergenomic distances were calculated using protein 

clusters containing identical proteins (evalue >0.00001, bitscore <50, coverage <100, identity <100%). 
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5.3.3. Sulfivirus genomes are strongly influenced by recombination 

We further investigated the genomic microdiversity of the sulfiviruses, aiming to test the 

hypothesis that sulfivirus microdiversity is influenced by horizontal gene transfer processes 

such as recombination. For this purpose, the core regions of the genomes were aligned and used 

to calculate a maximum likelihood phylogenetic tree. Recombination and mutation sites were 

determined using ClonalFrameML (Didelot and Wilson 2015) and the phylogeny was 

reconstructed accounting for recombination (Fig. 61). Overall, many recombination sites were 

detected in the sulfivirus genomes, having an average length of 55 bp. A higher frequency of 

recombination was spotted in the region between position 60000 and 70000. It will be a future 

task to determine which genes are encoded in this region. For this, the positions on the strand 

of concatenated core genes would need to be translated in actual positions on the genome. The 

fact that there were overlapping recombination sites, i.e. recombination determined at the same 

position in different genomes, indicated that there was recombination happening between the 

sulfivirus genomes. The relative effect of recombination to mutation was equal to r/m = 15.84, 

suggesting that recombination as a horizontal process contributed more to sulfiviral genome 

diversification than mutations, so vertically received nucleotide differences. In a follow-up 

project of this study, that is not included in this dissertation, Ismail Hayani showed in his master 

thesis that two sulfiviruses (ICBM16 and ICBM18) co-infect their original host and are present 

at the same time in the same cell. Future experiments should bring proof of intergenomic 

recombination between sulfivirus strains. 

 

Fig. 61: Reconstructed phylogenetic tree of sulfiviral core regions and sites of recombination and polymorphism detected with 

ClonalFrameML. The tree reflects the true phylogeny, only branch lengths differ from the original maximum likelihood tree, 

as they account for recombination. For each branch of the tree and any position in the respective genome, recombination is 
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marked in blue. Polymorphic sites are marked either in white (no homoplasy) or in yellow to red (increasing levels of 

homoplasy). 

5.3.4. Sulfiviruses display wide range of host specificity 

The host range of the sulfiviruses was determined by testing all 89 phages against 60 

Sulfitobacter host strains, which represented the original isolation hosts of the sulfiviruses. The 

host range tests were performed using the streak assay method and the results were confirmed 

by triplicates. The sulfiviruses displayed a wide range of host specificity, with numbers of 

infected host strains between 2 and 25. Many sulfiviruses infected 6 to 10 strains (Fig. 62 

and 63). Clustering of the sulfiviruses based on the infection pattern revealed that phages of the 

same species had a rather similar host range (Fig. 63). The members of all species clusters 

created with VIRIDIC (Moraru et al. 2020) clustered together in the heatmap, when infectivity 

patterns were used as clustering criterium. The only exception was species 9, with one phage 

clustering slightly apart. However, also for this phage the majority of the infected hosts 

overlapped with those of the other species members. Still, infectivity patterns varied even 

within sulfivirus species. Only in four cases did two phages have the exact same host range, 

respectively. They had very high intergenomic sequence identities: ICBM69 and ICBM91 

(99.7%), ICBM62 and ICBM77 (99.4%), ICBM146 and ICBM154 (99.998%), and ICBM43 

and ICBM100 (99.998%).  

 

Fig. 62: Distribution of number of infected hosts among sulfiviruses. 

Reordering the phage columns in the heatmap according to the core region-based phylogenetic 

tree obtained with ClonalFrameML resulted in an even better clustering of the infectivity 

patterns (Fig. 64). This new heatmap showed that the host range patterns depend on 

phylogenomic proximity: strains belonging to the same species have similar infectivity patterns, 

and closely related species share more hosts than further related species. This illustrates that the 

intra-species microdiversity of the sulfiviruses influences the host range (Fig. 64). In figure 65, 

several metadata, including the isolation hosts and sources, i.e. the seawater samples, of the 
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sulfiviruses are displayed on top. Phages with the same isolation host had similar host ranges, 

even if they did not belong to the same species (Fig. 65). This indicates that the genomic identity 

of the original isolation host also plays a role for the infectivity of the virus on other strains. 

However, the isolation host was also the strain the respective phage was cultivated with during 

preparation for the host range assay. Thus, phages with the same isolation and cultivation host 

strain could have been adapted to this strain at the moment of testing, creating a bias and leading 

to similar host range results. No clear correlation between isolation source and host range could 

be detected. For example, all three phages isolated from strain M105 had a similar host range, 

even though they belonged to different species and originated from different water sources (P2 

and NHS). The isolation host seemed to be more relevant for the host range than the seawater 

sample. However, this could again be an indication, that the determined host range was 

influenced by the cultiviation conditions and may not reflect the true situation in the 

environment. After all, although infection was tested in triplicates and with the method 

producing single plaques, the results still need to be treated with caution, having in mind the 

bias of cultivation conditions, adaptation to the cultivation host and possibly undetected 

infections of low efficiency. 

If we refer to the definition of de Jonge et al. (2019) (see introductory chapter 1.4.1.), the 

sulfiviruses can be described as broad-host-range phages, in the sense that together, as a species-

level population they are able to infect multiple host strains of the same species. Of course, 

there are other opinions, defining “broad host range” by infection of different species or even 

genera. Since bacteria of different higher-level taxa were not included in the host range assay, 

it remains to be investigated whether the sulfiviruses are able to infect bacteria of different 

species or genera. 

Evaluating the results from the perspective of the host strains revealed that their 

susceptibility to the sulfiviruses also differed greatly (Fig. 63). Some strains were only infected 

by three sulfiviruses, while Sulfitobacter sp. M283 was even infected by 63 sulfiviruses. 

Moreover, strains with identical ITS sequence were very differently infected by the sulfiviruses. 

To search for potential reasons, 30 of these strains were chosen for whole genome sequencing. 

They were selected in such a way that they had very different infection patterns and numbers 

of infecting viruses (Fig. 63 and 66).  

 

 



Sulfiviruses 

224 

 

 

Fig. 63: Host ranges of 89 sulfiviruses tested against their original isolation hosts (60 strains). Positive infection is 

indicated by green squares. Dendrograms visualize clustering of phages and bacteria based on infection pattern. 

Assignment of phages to species (VIRIDIC) is displayed on top by colors and numbers. Sum of infected strains for 

each is phage is displayed on top. On the left, black and white squares indicated whether the bacterial strain was whole 

genome sequenced. Clustering of the host strains into groups based on ITS sequence similarity is represented by colors. 

*phage genome encoding a tRNA gene. 

 

Fig. 64: Host ranges clustered by ClonalFrameML phylogenetic tree. 72 sulfiviruses (with complete genomes) tested 

against their original isolation hosts (60 strains). Positive infection is indicated by green squares. Dendrogram visualizes 

clustering of bacteria based on infection pattern. Assignment of phages to species (VIRIDIC) is displayed on top by 

colors and numbers. On the left, black and white squares indicated whether the bacterial strain was whole genome 

sequenced. Clustering of the host strains into groups based on ITS sequence similarity is represented by colors. 
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Fig. 65: Host ranges of 89 sulfiviruses tested against their original isolation hosts (60 strains), clustered based on 

isolation hosts. Positive infection is indicated by green squares. Assignment of phages to species (VIRIDIC), isolation 

source and isolation host strain are displayed on top. Dendrogram visualizes clustering of bacteria based on infection 

pattern. On the left, black and white squares indicated whether the bacterial strain was whole genome sequenced. 

Clustering of the host strains into groups based on ITS sequence similarity is represented by colors. 

5.3.5. Genome analysis of 30 sulfivirus host strains 

As mentioned before, thirty sulfivirus host strains were chosen for whole-genome sequencing. 

Genome sizes ranged from 3.85 to 4.41 Mb, with 3721 to 4293 predicted ORFs (Table 47, gen

ome sequences will be available in the NCBI database). The chromosomes were 3.55 to 3.95 

Mb  in size,  with  58.1  - 58.3 %  G+C  content.  The  strains  possessed  up  to  six  extrachrom

osomal elements (plasmids) of different sizes ranging from 5,342 bp to 338,691 bp. The plasm

ids could be grouped into 16 clusters based on shared protein content (Table 48 and SI file S5-

6). One plasmid with a size of 94 kb (cluster 3) was present in all strains. In order to determine 

if there was a connection between plasmid distribution and susceptibility to sulfivirus infection

, strains were clustered based on the presence and absence of the plasmid groups (Fig. 66). No 

clear trend  could  be  observed.  Perhaps  the  plasmid  clusters  were  too  broad  and  a  more  det

ailed distinction  would  reveal  correlations.  In  addition,  the  heatmap  in  figure  66  shoul

d  be recalculated using the phage clustering from the reconstructed phylogenetic tree that con

siders recombination, as it showed a better correlation of host range and viral species.  

Prophage prediction on the plasmids led to the discovery of seven intact/active prophages 

(IPP) in the plasmids of cluster 1 (Sulfitobacter sp. M55, M83, M300 and M355), cluster 5 

(Sulfitobacter sp. M72 and M91), and cluster 9 (Sulfitobacter sp. M191) (Table 49). The 
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prophages had sequence lengths ranging from 10.7 kb to 26.1 kb and encoded 13 to 32 proteins. 

In addition, several questionable prophage sequences were detected, also in other plasmids (SI 

files S5-7a-c). Three of the seven detected active prophages were 100% identical to each other 

(IPP1, IPP3, and IPP7), IPP2 and IPP4 shared 84.1% nucleotide-based intergenomic identity 

(Fig. 67). Another seven prophages were predicted in the chromosomes of some Sulfitobacter 

strains, with sequence lengths of 31.0 - 65.1 kb encoding 38 - 57 proteins. Two prophages were 

100% identical to another one, respectively (IPP11 and IPP12, IPP10 and IPP13). Altogether, 

they were more similar to each other than the prophages in the plasmids, with intergenomic 

identity higher than 16.9% (Fig. 67). IPP9 and IPP14 clustered together with 74.7% nucleotide-

based intergenomic identity, IPP8 was also similar with more than 50%. In addition, IPP5 

encoded in the plasmid of strain M191 was somewhat similar to these prophages (≥38.1%). 

Interestingly, none of the predicted intact prophages showed any sequence similarity to the lytic 

sulfivirus isolates (Fig. 67). 

In figure 66, the chromosomes and plasmids containing active prophages are marked with 

a phage symbol. The prophages were grouped based on their intergenomic identity and are 

displayed accordingly in different colors. For different host strains, divergent correlations were 

observed between the presence of prophages or plasmids and their susceptibility to sulfivirus 

infection. Sulfitobacter strains M271 and M69 carried highly similar prophages on their 

chromosomes (IPP9 and IPP14) and had plasmids of the same clusters. However, they were 

only partially infected by the same sulfiviruses. In contrast, strains M55 and M355 carried the 

exact same two prophages on their chromosome (IPP11 and IPP12) and on their cluster 1 

plasmids (IPP1 and IPP7) and had highly similar infection pattern. Also strain 83 carrying the 

exact same prophage on the cluster 1 plasmid (IPP3) was infected by similar, but less 

sulfiviruses. In comparison to those three, strain M90 that had the same plasmid clusters but 

did not carry the prophage, was infected by many more sulfiviruses. This could indicate that 

the prophage on the cluster 1 plasmid might be somehow involved in the defense of strains 

M55, M355 and M83 against the respective sulfiviruses. However, strain M63 also had the 

same plasmid clusters and no prophage on the cluster 1 plasmid, but was susceptible to even 

less sulfiviruses. This could in turn be connected to the other prophage encoded in its 

chromosome (IPP13). However, the exact same prophage was present in the chromosome of 

strain M300 (IPP10), which was again infected by more sulfiviruses than strain M63, although 

it carried another prophage (IPP6) on one of its plasmids. Finally, it is noteworthy, that the 

strain infected by the most phages had no intact prophage. Of course, all these correlations are 

purely speculative. However, their contradictions make it quite clear that the mere presence or 
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absence of similar plasmids and prophages in the bacterial genomes is obviously not sufficient 

to explain the different infection patterns. On the one hand side, this analysis should be repeated 

in a more structured way and include the non-active prophages. This might reveal more 

profound patterns and correlations. On the other hand, the (intact) prophages might be too 

different from the lytic sulfivirus isolates to have an influence on their ability to infect. Even 

though not much is known about the exact mechanisms of superinfection immunity mediated 

by prophages and a large variety of mechanisms can be assumed, most studies so far have 

demonstrated this phenomenon between closely related phages (Bondy-Denomy et al. 2016; 

Mavrich and Hatfull 2019).  

A more detailed analysis of the host genomes on gene and protein level is surely 

necessary. It might provide an explanation for the differential sulfivirus infections, especially 

if certain anti-phage defense systems can be found in strains infected or not infected by the 

same sulfiviruses. The (potential) presence of anti-defense systems in the viral genomes should 

be taken into consideration as well. Finally, the activity of specific defense and anti-defense 

genes could be investigated in infection experiments accompanied with transcriptomic analysis. 
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Table 47: Genome characteristics of 30 sulfivirus host strains. 

Genome 
Sequencing 

ID 

Complete 

genome 

length 

[bp] 

No. of 

ORFs 

Chromosome 

size [bp] 

Chromosome 

G+C content 

[%] 

No. 

of 

plas-

mids 

Sulfitobacter sp. M45 CRMO_n_1 4,131,342 4,036 3,682,501 58.3 3 

Sulfitobacter sp. M47 CRMO_n_2 4,046,630 3,884 3,643,977 58.1 3 

Sulfitobacter sp. M53 CRMO_n_3 4,099,107 3,945 3,620,052 58.2 3 

Sulfitobacter sp. M54 CRMO_n_4 4,185,969 4,043 3,635,973 58.2 4 

Sulfitobacter sp. M55 CRMO_n_5 4,128,924 4,023 3,608,282 58.2 3 

Sulfitobacter sp. M63 CRMO_n_6 4,179,797 4,084 3,748,437 58.2 3 

Sulfitobacter sp. M66 CRMO_n_7 3,995,181 3,876 3,617,848 58.1 4 

Sulfitobacter sp. M69 CRMO_n_8 4,049,375 3,949 3,767,683 58.2 2 

Sulfitobacter sp. M72 CRMO_n_9 4,307,537 4,172 3,722,005 58.2 6 

Sulfitobacter sp. M81 CRMO_n_10 4,410,327 4,293 3,949,596 58.3 4 

Sulfitobacter sp. M83 CRMO_n_11 4,167,213 4,036 3,548,707 58.2 4 

Sulfitobacter sp. M90 CRMO_n_12 4,008,238 3,894 3,634,983 58.2 3 

Sulfitobacter sp. M91 CRMO_n_13 4,037,163 3,928 3,643,305 58.2 4 

Sulfitobacter sp. M171 CRMO_n_14 4,154,620 4,002 3,553,525 58.2 6 

Sulfitobacter sp. M173 CRMO_n_15 3,845,438 3,721 3,656,377 58.1 2 

Sulfitobacter sp. M176 CRMO_n_16 4,082,011 3,959 3,598,080 58.1 4 

Sulfitobacter sp. M183 CRMO_n_17 4,096,768 3,990 3,554,444 58.2 5 

Sulfitobacter sp. M187 CRMO_n_18 4,149,573 3,988 3,654,650 58.1 4 

Sulfitobacter sp. M191 CRMO_n_19 4,305,228 4,158 3,658,606 58.1 5 

Sulfitobacter sp. M199 CRMO_n_20 4,252,012 4,115 3,626,458 58.1 4 

Sulfitobacter sp. M206 CRMO_n_21 4,091,340 3,951 3,611,016 58.2 4 

Sulfitobacter sp. M242 CRMO_n_22 4,059,199 3,895 3,590,381 58.2 3 

Sulfitobacter sp. M265 CRMO_n_23 4,204,571 4,114 3,602,912 58.2 5 

Sulfitobacter sp. M271 CRMO_n_24 4,026,887 3,901 3,757,359 58.2 2 

Sulfitobacter sp. M283 CRMO_n_25 3,893,771 3,742 3,629,652 58.2 3 

Sulfitobacter sp. M290 CRMO_n_26 4,152,470 3,997 3,673,615 58.2 4 

Sulfitobacter sp. M300 CRMO_n_27 4,235,078 4,090 3,616,378 58.2 5 

Sulfitobacter sp. M351 CRMO_n_28 4,053,755 3,888 3,587,296 58.1 3 

Sulfitobacter sp. M355 CRMO_n_29 4,141,755 4,036 3,621,113 58.2 3 

Sulfitobacter sp. M356 CRMO_n_30 4,078,751 3,930 3,623,626 58.2 3 
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Fig. 67: Nucleotide-based intergenomic identity of the active prophages predicted in the genomes of 30 

Sulfitobacter strains and representatives of sulfiviruses, calculated with VIRIDIC. 

5.3.6. Conclusions 

The large-scale roseophage isolation campaign provided us with the collection of 89 closely 

related dsDNA phages that have a siphoviral shape and occur in the same habitat, the North 

Sea. They belong to 48 species within one single genus, the “Sulfivirus” genus. By phylogenetic 

analysis of the 16S rRNA gene and the ITS region, we could show that their isolation hosts are 

48 different Sulfitobacter strains of a microdiverse species-level population in the North Sea. 

Testing the host range of the sulfiviruses revealed a complex infection network between these 

phage and host collections comprising very different sizes of host range on the phage side and 

different degrees of susceptibility on the side of the bacterial strains. This prompted us to have 

a closer look at the genomic differences between the phages and hosts.  
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By analysing the flexible gene content (non-core proteins) in the genomes of both, phages 

and hosts, by detecting indications of recombination in the phage genomes and by investigating 

plasmid and prophage occurrences in the host genomes, we gained first impressions on how 

horizontal gene transfer nurtures diversity in this phage-host community. We illustrated a 

fascinating microdiversity, which is created on both sides, through the interplay and eternal 

competition between bacteriophages and their hosts. The next future research task will be to 

investigate in more detail the genomic dispositions that underlie this arms race by searching for 

defense systems in the bacterial genomes and counterdefense genes in the viral genomes, 

eventually detecting new, so far unknown ones. 
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6. Isolation and preliminary characterization of 

ICBM5, a ssDNA phage infecting Sulfitobacter sp. 

SH24-1b 

6.1. Chapter summary 

A new member of the Microviridae family, phage ICBM5, was isolated from a North Sea water 

sample infecting Sulfitobacter dubius SH24-1b. The ssDNA phage has a small, icosahedral 

capsid of 28.68 ± 1.95 nm in diameter and no tail. It shows a narrow host range infecting only 

two strains of the species Sulfitobacter dubius. We used proteins from ICBM5 as query and 

detected 65 ICBM5-related prophages and episomes in publicly available bacterial genomes. 

Most bacteria carrying ICBM5-like phages belong to the phyla Proteobacteria and 

Bacteroidetes, with many of them being members of the order Rhodobacterales. The isolation 

and preliminary characterization of this new phage is described in the following chapter. It was 

the starting point of a study in which we investigated in more detail the lifestyle of phage 

ICBM5 and the taxonomic classification and biogeographical distribution of ICBM5-like 

phages. The discovery of phage ICBM5 is an example that there is a diversity of ssDNA phages 

yet to be revealed. 

 

Corresponding / subsequent publication: 

Zucker, Falk; Bischoff, Vera; Olo Ndela, Eric; Heyerhoff, Benedikt; Poehlein, Anja; Freese, 

Heike M.; Roux, Simon; Simon, Meinhard; Enault, Francois; Moraru, Cristina (2022): New 

Microviridae isolated from Sulfitobacter reveals two cosmopolitan subfamilies of single-

stranded DNA phages infecting marine and terrestrial Alphaproteobacteria. In: Virus evolution 

8 (2). DOI: 10.1093/ve/veac070. 

Falk Zucker and I are both first authors of this publication. In this dissertation, only the isolation 

and preliminary characterization of phage ICBM5 are included, because they mostly correspond 

to my contribution to this study. I performed the transmission electron microscopy (TEM) and 

the host range assays for phage ICBM5 and I calculated the 16S tree of the host strains. In 

addition, I contributed to manuscript writing. 
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6.2. Materials and Methods 

6.2.1. Cultivation media 

Marine broth (MB) was used for the liquid cultures and agar plates needed for plaque and spot 

assays. It had the following recipe: 5.0 g/l peptone, 1.0 g/l yeast extract, 0.1 g/l C6H8FeO7, 

12.6 g/l MgCl2×6H2O, 3.24 g/l Na2SO4, 19.45 g/l NaCl, 2.38 g/l CaCl2 × 2H2O, 0.55 g/l KCl, 

0.16 g/l NaHCO3, 0.01 g/l Na2HPO4 × 2H2O, 0.08 g/l KBr, 0.034 g/l SrCl2 × 6H2O, 0.022 g/l 

H3BO3, 0.004 g/l Na2SiO3×3H2O, 0.0024 g/l NaF, and 0.0016 g/l NH4NO3. After 

autoclavation, the media was completed by addition of 1 ml/l of a multivitamin solution (Balch 

et al. 1979). Furthermore, artificial saltwater (ASW) base medium was used for plaque assays 

and purification after cesium chloride gradient centrifugation. It had the following recipe: 

24.32 g/l NaCl, 10 g/l MgCl2×6H2O, 1.5 g/l CaCl2×6H2O, 0.66 g/l KCl, 4 g/l Na2SO4, 2.38 g/l 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 1 ml KBr (0.84 M), 1 ml 

H3BO3 (0.4 M), 1 ml SrCl2 (0.15 M), 1 ml NH4Cl (0.4 M), 1 ml KH2PO4 (0.04 M), and 1 ml 

NaF (0.07 M). 

6.2.2. Isolation of phage ICBM5 

Phage ICBM5 was isolated from the coastal North Sea using a phage enrichment procedure, 

followed by plaque picking and purification. For this purpose, surface seawater was collected 

in June 2015 from the shoreline near Neuharlingersiel (53°42'09.8"N 7°41'58.9"E) during high 

tide, transported to the lab on ice, and then filtered through a 0.2-μm filter (Rotilabo-syringe 

filters, Carl Roth). A phage enrichment was set up by mixing nine parts of freshly filtered 

seawater with one part of 10x MB and adding an inoculum of exponentially growing 

Sulfitobacter dubius SH24-1b (Hahnke et al. 2013). After overnight incubation at 20 °C and 

100 rpm, cells and debris were removed from the enrichment by centrifugation (15 min, 

4000 x g, 20 °C) and 0.2-μm filtration of the supernatant. To test for the presence of phages, 20 

μl of filtrate were spotted on a lawn of S. dubius SH24-1b. The clearing zone was then collected, 

passed through a 0.2-μm filter to remove cells, and used further in plaque assays, to obtain 

single plaques. For this purpose, serial dilutions (100, 10-1, etc.) were prepared from the phage 

fractions by mixing with MB medium. Further, 100 μl of phage dilution were mixed with 280 μl 

of exponentially growing host culture (OD600 = 0.2 - 0.3) and incubated for 15 min on ice. The 

mixture was transferred to 3 ml MB-soft agar (0.6% low melting point Biozym Plaque 

GeneticPure agarose, Biozym, kept warm at 37 °C), mixed by brief vortexing, and poured onto 

the bottom MB agar layer (1.8% agar). After drying, the plates were incubated at 20 °C. Phage 
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plaques were picked and incubated overnight in 500 μl ASW base at 4 °C. After centrifugation 

(10 min, 10,000 x g, 4 °C), the supernatant was used for the next round of plaque assays. The 

procedure of plaque assay, picking of plaques, and re-plating was repeated three times to ensure 

the purity of the newly isolated phages. Finally, one plaque was picked and used to infect a 

liquid culture of S. dubius SH24-1b. After overnight incubation at 20 °C and 100 rpm, the phage 

lysate was obtained by removing cells and debris by centrifugation (15 min, 4000 x g, and 4 °C) 

and 0.2-μm filtration. The phage lysate was stored at 4 °C. For long-term storage, two types of 

glycerol stocks were prepared: (i) stock of free phage particles (one part phage fraction and one 

part MB media with 50% glycerol) and (ii) stock of infected host cells (one part infected cells 

 375 μl phage fraction added to 375 μl host culture, 15 min on ice for absorption  and one 

part MB media with 50% glycerol). 

6.2.3. Host range of phage ICBM5 

To determine the host range of ICBM5, ninety-four different strains covering the phylogenetic 

diversity of Rhodobacteraceae (Table 50) were challenged with the purified ICBM5 phage by 

spot assay. For the spot assay, 280 μl of exponentially growing host culture (OD600 = 0.2 - 0.3) 

were mixed with 3 ml MB-soft agar and poured onto the bottom MB agar layer (1.8% agar). 

After drying the top layer, 15 μl of phage fraction, obtained from a liquid infection as described 

above, were spotted in triplicates onto the top layer. For each strain, three plates were prepared 

and incubated at 15 °C, 20 °C, or 28 °C. For those hosts showing clearing zones, infection by 

ICBM5 was further confirmed by plaque assays. 

6.2.4. Purification of phage ICBM5 via CsCl gradient ultracentrifugation 

To generate a high volume of lysate, we prepared sixty doublelayer agar plates with confluent 

ICBM5 lysis. After plaque formation, 5 ml of Sodium chloride Magnesium sulphate (SM) 

buffer (100 mM NaCl, 8 mM MgSO4, and 50 mM Tris-HCl pH 7.4) were added to each plate, 

followed by incubation at 4 °C for 6 h. The phage-containing buffer was then collected and 

centrifuged for 15 min at 4,000 x g and 4 °C, to remove cells and cell debris. Then, phages were 

precipitated by adding polyethylene glycol (PEG) (Promega) (final concentration 10%) and 

NaCl (final concentration 0.6 mM) and incubating at 4 °C for 2 h. After centrifuging for 2 h at 

7197 x g and 4 °C, the phage pellet was resuspended in 500 μl SM buffer (100 mM NaCl, 8 mM 

MgSO4, 50 mM Tris-HCl pH 7.4), followed by 30 min incubation at 4 °C. Further phage 

concentration and purification were done by cesium chloride (CsCl) gradient 

ultracentrifugation. A density gradient was set up by layering from bottom up: 1.5 ml of 
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1.65 g/ml CsCl, 2 ml of 1.5 g/ml CsCl, 2 ml of 1.4 g/ml CsCl, and 1 ml of 1.2 g/ml CsCl. The 

PEG concentrated phage fraction was added on top, followed by ultracentrifugation for 4 h at 

20 °C and 25,000 rpm (Beckman, SW 41 Ti). Afterwards, the visible band corresponding to the 

phages was collected with a syringe and needle through the sidewall of the ultracentrifuge tube 

(∼500 μl). Removal of CsCl was done by dialysis in Slide-A-Lyzer G2 Dialysis Cassettes 10K 

MWCO (Thermo Fisher Scientific) against ASW base, for a total of 21 h, with buffer exchange 

after 3 h and 18 h. The selected phage fraction was tested for lysis by spot assay. 

6.2.5. Transmission electron microscopy of phage ICBM5 

To prepare for TEM, 30 μl of CsCl-purified ICBM5 stock were pipetted on top of a carbon-

coated grid (Formvar 162, 200 mesh) and phages were allowed to absorb for 3 min. This was 

followed by staining with 30 μl 2% uranyl acetate for 45 s and gentle removal of the liquid with 

filter paper. After air-drying for 15 min, the grids were visualized with the transmission electron 

microscope Zeiss EM902A. Images were documented with the Proscan High-Speed Slow Scan 

Charge Coupled Device (SSCCD) camera and analyzed using the software ImageSP viewer 

(Version 1.2.5.16). Negatively stained phages were used for capsid size measurements. 

6.2.6. Testing the ssDNA nature of the ICBM5 phage genome 

Phage genomic DNA was extracted from a CsCl-concentrated phage stock by mixing with the 

same amount of phenol:chloroform:isoamyl (Roth) solution and then gently inverting and 

centrifuging for 15 min, at 12,000 x g and 4 °C. The aqueous phase was then mixed with an 

equal amount of ice-cold absolute ethanol (Th.Geyer) and the DNA was precipitated at -80 °C 

for 30 min. The DNA was pelleted by centrifugation (20 min, 12,000 x g and 4 °C) and 

resuspended in nuclease-free water (Thermo Fisher Scientific). Afterwards, the DNA was 

purified with the NucAway spin column kit (Thermo Fisher Scientific) and quantified using the 

Nanodrop 2000 spectrophotometer.  

To determine the genomic architecture of ICBM5, the phage DNA was exposed to four 

different enzymes: S1 nuclease (Thermo Fisher Scientific), TURBO DNase (Thermo Fisher 

Scientific), Exonuclease VII (New England Biolabs), and Hind III (New England Biolabs). 

Exonuclease VII and S1 strictly target ssDNA, while TURBO DNase digests both ssDNA and 

dsDNA. Hind III targets only dsDNA. For each enzyme, a 50-μl reaction was set up, by adding 

1 μl of enzyme, 1 μg of extracted phage DNA, corresponding reaction buffers, and water. The 

four reactions were incubated for 30 min at 37 °C, followed by 10 min at 95 °C, for enzyme 

inactivation. For visualization of the digestion products, 2 μl of digested DNA were mixed with 
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5 μl loading buffer (BlueJuice Gel Loading Buffer, Thermo Fisher Scientific) and loaded on a 

0.9% agarose gel. The gel was run for 30 min at 80 V and pre-stained with SYBR Gold (Thermo 

Fisher Scientific). The gel was analyzed with the FAS Digi Gel Documentation System 

(NIPPON Genetics Europe) and evaluated using the BioDocAnalyze software (Biometra 

GmbH). 

6.2.7. Sequencing of the ICBM5 phage genome via Illumina sequencing 

The phage lysate from plates with confluent plaques was first concentrated using 15-ml Amicon 

ultracentrifugal filter columns (Merck Millipore), then 0.2 μm filtered to remove bacteria and 

cell debris, and finally purified on an OptiPrep density gradient (Sigma Aldrich). The gradient 

was set up by layering OptiPrep solutions in a concentration range from 10% to 50%, with an 

incremental step of 5%. After allowing the gradient to settle for 2 h at room temperature, 1 ml 

of phage solution was added, followed by ultracentrifugation for 12 h, at 40,000 x g and 20 °C 

(Beckman, SW 41 Ti). The gradient was divided into 1-ml fractions, which were then tested for 

the presence of phages by spot assays. The fraction with the highest concentration of ICBM5 

was then washed and concentrated using 0.5-ml Amicon columns, during which the OptiPrep 

was replaced by SM buffer. Extracellular DNA was removed by incubating the phage 

concentrate with 0.043 units/μl of TURBO DNase (Thermo Fisher Scientific) for 30 min at 

37 °C, followed by enzyme inactivation for 10 min at 75 °C with 15 mM 

ethylenediaminetetraacetic acid (EDTA). Further, the phage DNA was extracted using the 

ChargeSwitch gDNA Mini Bacteria Kit (Thermo Fisher Scientific), according to the 

instructions manual, but without using lysozyme in the first step. The ICBM5 ssDNA genome 

was converted to dsDNA by using the REPLI-g Mini kit (Qiagen), following the manufacturer’s 

instructions. Throughout these procedures, the concentration and quality of the DNA were 

checked fluorometrically with Qubit 2.0 and the Qubit dsDNA HS Assay, 

spectrophotometrically with Nanodrop 2000 spectrophotometer, and visually by regular gel 

electrophoresis (0.7% agarose gel, 50 V, SYBR Gold staining). 

An Illumina shotgun library was prepared using the Nextera XT DNA Sample Preparation 

Kit (Illumina). To assess the quality and size of the library, the samples were run on an Agilent 

Bioanalyzer 2100 using an Agilent High Sensitivity DNA Kit as recommended by the 

manufacturer (Agilent Technologies). Library DNA concentration was determined using the 

Qubit dsDNA HS Assay Kit as recommended by the manufacturer (Life Technologies GmbH). 

Sequencing was performed on a MiSeq system with the reagent kit v3 with 600 cycles 

(Illumina) as recommended by the manufacturer, resulting in 785.119 paired-end reads. 
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6.2.8. Assembly and annotation of the ICBM5 phage genome 

The Illumina raw reads were cleaned with BBDuk in two steps. In the first step, the adaptors 

were removed, using the following parameters for BBDuk: “ktrim=r k=21 mink=8 tbo tpe 

ftm=5 rcomp=t ordered t=8”. In the second step, any contaminating reads (from the host or 

from phiX174), as well as low-quality ends, were removed, using the following parameters for 

BBDuk: “k=31 rcomp=t hdist=1 qtrim=rl trimq=20, maq=20 minlen=30 ordered t=8”. 

Afterward, the cleaned reads were assembled with Tadpole (parameters “k=50 t=8”). Both 

BBDuk and Tadpole are part of the BBTools package (https://jgi.doe.gov/data-and-

tools/bbtools/). After assembly, direct terminal repeats were detected at the end of the contig, 

indicating that the contig can be circularized and that the genome is complete. For further 

analyses, the genome was linearized and one of the repeats was removed. Open reading frames 

(ORFs) were predicted using the MetaGeneAnnotator (Noguchi, Taniguchi, and Itoh 2008) 

implemented in VirClust (Moraru 2023). A first ORF annotation was done by using Domain 

Enhanced Lookup Time Accelerated Basic Local Alignment Search Tool (DELTA-BLAST) to 

search for homologous proteins in the nonredundant (NR) database (http://ncbi.nlm.nih.gov/). 

The ICBM5 phage genome is available in the NCBI GenBank database under the following 

accession number: OM782324. The sequences of the complete genome and the encoded 

proteins can also be found in the appendix. 

6.2.9. Detection of ICBM5-like regions in bacterial genomes  

Proteins from phage ICBM5 were used to query the NR database from NCBI, using DELTA-

BLAST, with two iterations. Proteins detected as similar were downloaded in GenBank format, 

imported into Geneious v 9.1.5 (http://www.geneious.com, Kearse et al. (2012)), and identified 

as part of a viral or bacterial genome based on their organism name and taxonomy. Bacterial 

strains having hits with at least two different ICBM5 phage proteins were considered to 

potentially harbor ICBM5-like prophages and were selected for further analysis. 

6.2.10. Phylogenetic analysis of all host 16S rRNA genes and species 

assignment for Sulfitobacter dubius SH24-1b 

A neighbor-joining tree of the 16S ribosomal RNA (rRNA) gene sequences from all phage hosts 

for which we could find the 16S rRNA gene (Table 51) in this study was constructed with the 

ARB software package (Ludwig et al. 2004). Tree calculation was performed using the 

reference dataset SSU Ref NR 111, with Jukes–Cantor correction, termini filter, and 1,000 

bootstrap replicates. Members of the genus Acidobacterium served as an outgroup. For species 
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assignment of S. dubius SH24-1b, the average nucleotide identity (ANI) value between 

SH24-1b and the S. dubius type strain DSM 16472T was calculated with FastANI (Jain et al. 

2018) and the digital DNA–DNA hybridization (dDDH) value was calculated with the genome-

to-genome distance calculator (GGDC) (applying Formula 2) (Meier-Kolthoff et al. 2022). 

6.3. Results and discussion 

Phage ICBM5 was isolated from surface seawater, which was collected directly from the coast 

of the North Sea (53.702722 N, 7.699695 E) in June 2015. It infected Sulfitobacter dubius 

SH24-1b, which had been isolated from a seawater sample taken during a phytoplankton bloom 

on 12 May 2007 in the southern North Sea (54.7 N, 6.8 E) (Hahnke et al. 2013). Comparison 

of its 16S rRNA gene sequence revealed a 99.8% sequence identity with Sulfitobacter dubius 

type strain DSM 16472T. Showing a dDDH value of 70% and an ANI value of 96.9% with the 

type strain, strain SH24-1b could be assigned to the species S. dubius. The host range of phage 

ICBM5 was determined testing almost 100 bacterial strains of the Rhodobacteraceae family. 

Positive infection was only detected on the original host S. dubius SH24-1b and S. dubius DSM 

16472T, revealing a narrow host range of phage ICBM5 (Table 50). Observation of uranyl-

acetate-stained samples of phage ICBM5 with TEM revealed a morphology with an icosahedral 

capsid of 28.68 ±1.95 nm in diameter and no tail (100 phages measured and three measurements 

per phage) (Fig. 68a). The infection of S. dubius SH24-1b produced turbid plaques. Enzymatic 

digestion of the viral DNA showed that ICBM5 has an ssDNA genome (Fig. 68b). The 

sequenced genome was 5,581 bp in size and circularly closed, harboring six protein-coding 

genes (Fig. 68c). Out of these genes, four could be functionally annotated as a pilot protein, the 

major capsid protein (MCP), a lysis protein, and a replication initiation protein (Rep). Only the 

replication protein could be annotated using BLASTp and was highly similar to proteins from 

previously known Microviridae. The remaining three proteins were more distanly related to 

Microviridae proteins, as the annotation was only possible using DELTA-BLAST, a remote 

homology tool. Phage ICBM5 can be assigned as a new member of the Microviridae family, as 

it has the corresponding genome characteristics, virion morphology and core genes. 

Nevertheless, as the major capsid protein, which is highly consevered among known 

microviruses and thus used for phylogenetic analysis, was only found with a remote homology 

tool, phage ICBM5 seemed to be rather distantly related to known Microviridae.  

To investigate how widespread ICBM5-like phages are, we used ICBM5 proteins to 

search for potential prophages in prokaryotic genomes from the NCBI NR database. Most of 
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the 72 detected ICBM5-like genomic regions were located on bacterial chromosomes. 

However, some were found on large plasmids and some were present as small separate contigs, 

which could be episomes and indicate a carrier-state lifestyle. The majority of the ICBM5-like 

genomic regions occurred in bacteria from Alphaproteobacteria (53.5%), Bacteroidia (29.5%) 

and Gammaproteobacteria (5.6%). Further host genomes belonged to the classes Bacilli, 

Clostridia, Erysipelotrichia, Negativicutes, Cyanophycea, and Flavobacteriia (Fig. 69). 

Among the Alphaproteobacteria, the orders Hyphomicrobiales and Rhodobacterales were 

represented, the latter comprising Sulfitobacter dubius SH24-1b and other members of the 

Rhodobacteraceae family. From the detected Microviridae-like regions, seven had been 

described earlier (Krupovic and Forterre 2011; Quaiser et al. 2015; Zheng et al. 2018). The 

strains with potential prophages originated from diverse habitats, ranging from marine and 

freshwater samples to animal-, plant- and human- associated samples (Table 51).  

The presence of ICBM5-like prophages in so many different host taxa from such a variety 

of habitats indicated a diversity and importance of these microviruses that provided the impetus 

for a more comprehensive taxonomic analysis of ICBM5-related phages. Furthermore, the 

turbid plaques of phage ICBM5 on S. dubius SH24-1b suggested a lysogenic potential, which 

was supposed to be investigated more closely by means of one-step growth curves and direct-

geneFISH (fluorescence-in-vito-hybridisation). The results of these investigations and the 

delineating of two new Microviridae-subfamilies can be read in the corresponding publication. 
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Fig. 68: (A) ICBM5 morphology determined by TEM of uranyl-acetate-stained 

virions. (B) Agarose gel shows enzymatic digestion of ICBM5 ssDNA phage. The 

DNA was digested by TURBO DNase, Exo VII, and S1 nuclease, but was not 

affected by treating it via restriction enzyme Hind III, which only targets dsDNA, 

or the exclusion of nucleases (usage of only buffer). The 1 kb plus ladder was used 

to track the DNA migration. However, it was not used to infer the size of the ICBM5 

genome, because the ladder comprises from linear dsDNA molecules, in contrast to 

the ICBM5 genome, which comprises a circular, ssDNA molecule. (C) Genome 

map of ICBM5. In dark grayidentified proteins, with labels on top of each gene. 

In light grayhypothetical proteins. 
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Table 50: List of Rhodobacteraceae strains used for the host range assay. Strains infected by phage 

ICBM5 are written in bold. 

Name  Strain designation  Strain  Infected (- no, + yes)  

Aliiroseovarius crassostreae  CV919-312, CVSP  DSM 16950T  - 

Aliiroseovarius halocynthiae  MA1-10  DSM 27840T  - 

Antarctobacter heliothermus  EL-219  DSM 11445T  - 

Celeribacter baekdonensis  L-6  DSM 27375T  - 

Celeribacter halophila  ZXM137  DSM 26270T  - 

Celeribacter indicus  P73  DSM 27257T  - 

Celeribacter marinus  IMCC12053  DSM 100036T  - 

Celeribacter neptunius  H 14  DSM 26471T  - 

Cognatishimia maritimus  GSW-M6  DSM 28223T  - 

Cognatiyoonia koreensis  GA2-M3  DSM 17925T  - 

Dinoroseobacter shibae  DFL 12  DSM 16493T  - 

Hwanghaeicola aestuarii  Y26  DSM 22009T  - 

Jannaschia donghaensis  DSW-17  DSM 102233T  - 

Jannaschia helgolandensis  Hel10  DSM 14858T  - 

Jannaschia pohangensis  H1-M8  DSM 19073T  - 

Jannaschia rubra  4SM3  DSM 16279T  - 

Leisingera aquimarina  R-26159  DSM 24565T  - 

Leisingera caerulea  13  DSM 24564T  - 

Leisingera daeponensis  TF-218  DSM 23529T  - 

Leisingera methylohalidivorans  MB2  DSM 14336T  - 

Limimaricola cinnabarinus  LL-001  DSM 29954T  - 

Limimaricola hongkongensis  UST950701-009P  DSM 17492T  - 

Limimaricola pyoseonensis  JJM85  DSM 21424T  - 

Litoreibacter albidus  KMM 3851  DSM 26922T  - 

Litoreibacter arenae  GA2-M15  DSM 19593T  - 

Litoreibacter janthinus  KMM 3842  DSM 26921T  - 

Loktanella fryxellensis  R-7670  DSM 16213T  - 

Loktanella salsilacus  R-8904  DSM 16199T  - 

Maribius pelagius  B5-6  DSM 26893T  - 

Maribius salinus  CL-SP27  DSM 26892T  - 

Marinovum algicola  FF3  DSM 10251T  - 

Marinovum algicola  DG898  DSM 27768  - 

Maritimibacter alkaliphilus  HTCC2654  DSM 100037T  - 

Oceanicola granulosus  HTCC2516  DSM 15982T  - 

Octadecabacter temperatus  SB1  DSM 26878T  - 

Pacificibacter marinus  HDW-9  DSM 25228T  - 

Palleronia marisminoris  B33  DSM 26347T  - 

Phaeobacter gallaeciensis  BS 107  DSM 26640T  - 

Phaeobacter inhibens   DSM 17395  - 

Phaeobacter inhibens  T5  DSM 16374T  - 

Phaeobacter inhibens  2.10  DSM 24588  - 

Phaeobacter italicus  R11  DSM 26436T  - 

Ponticoccus litoralis  CL-GR66  DSM 18986T  - 

Pseudooceanicola batsensis  HTCC2597  DSM 15984T  - 

Pseudooceanicola nanhaiensis  SS011B1-20  DSM 18065T  - 

Pseudophaeobacter arcticus  20188  DSM 23566T  - 

Pseudoruegeria lutimaris  HD-43  DSM 25294T  - 

Roseibacterium elongatum  Och 323  DSM 19469T  - 

Roseivivax isoporae  sw2  DSM 22223T  - 

Roseobacter denitrificans  Och 114  DSM 7001T  - 

Roseobacter litoralis  Och 149  DSM 6996T  - 

Roseovarius indicus  B108  DSM 26383T  - 

Roseovarius lutimaris  112  DSM 28463T  - 

Roseovarius mucosus  DFL-24  DSM 17069T  - 

Roseovarius nubinhibens  ISM  DSM 15170T  - 

Ruegeria atlantica  1480  DSM 5823T  - 

Ruegeria conchae  TW15  DSM 29317T  - 

Ruegeria marina  ZH17  DSM 24837T  - 

Ruegeria pomeroyi  DSS-3  DSM 15171T  - 

Sagittula stellata  EE-37  DSM 11524T  - 

Salinihabitans flavidus  ISL-46  DSM 27842T  - 

Salipiger bermudensis  HTCC2601  DSM 26914T  - 

Salipiger aestuarii  AD8  DSM 22011T  - 

Salipiger marinus  CK-I3-6  DSM 26424T  - 
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Salipiger mucosus  A3  DSM 16094T  - 

Salipiger pacificus  DX5-10  DSM 26894T  - 

Sedimentitalea nanhaiensis  NH52F  DSM 24252T  - 

Sediminimonas qiaohouensis  YIM B024  DSM 21189T  - 

Shimia aestuarii  JC2049  DSM 15283T  - 

Shimia haliotis  WM35  DSM 28453T  - 

Shimia marina  CL-TA03  DSM 26895T  - 

Sulfitobacter delicatus  KMM 3584  DSM 16477T  - 

Sulfitobacter dubius  KMM 3554  DSM 16472T  + 

Sulfitobacter indolifex  HEL-45  DSM 14862T  - 

Sulfitobacter litoralis  Iso 3  DSM 17584T  - 

Sulfitobacter marinus  SW-265  DSM 23422T  - 

Sulfitobacter mediterraneus  CH-B427  DSM 12244T  - 

Sulfitobacter noctilucae  NB-68  DSM 100978T  - 

Sulfitobacter noctilucicola  NB-77  DSM 101015T  - 

Sulfitobacter pseudonitzschiae  H3  DSM 26824T  - 

Sulfitobacter sp.  EE-36  DSM 11700  - 

Sulfitobacter dubius SH24-1b  + 

Thalassobius taeanensis  G4  DSM 22007T  - 

Thalassococcus halodurans  UST050418-052  DSM 26915T  - 

Thioclava dalianensis  DLFJ1-1  DSM 29618T  - 

Thioclava pacifica  TL 2  DSM 10166T  - 

Tranquillimonas alkanivorans  A34  DSM 19547T  - 

Tranquillimonas rosea  BH87090  DSM 23042T  - 

Tritonibacter multivorans  MD5  DSM 26470T  - 

Tropicibacter naphthalenivorans  C02  DSM 19561T  - 

Tropicimonas isoalkanivorans  B51  DSM 19548T  - 

Wenxinia marina  HY34  DSM 24838T  - 

Yoonia tamlensis  SSW-35  DSM 26879T  - 

Yoonia vestfoldensis  R-9477  DSM 16212T  - 
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Fig. 69: 16S rRNA phylogenetic analysis of the (pro)-phage hosts. Neighbor-joining tree based on the 16S rRNA 

gene sequence similarity showing the position of S. dubius SH24-1b and other bacterial hosts for Microviridae-like 

(pro)-phages. Bootstrap values are derived from 1,000 replicates. GenBank accession numbers are given as 

prefixes, followed by species and strain names. The bar represents ten substitutions per nucleotide position. The 

stars encode the following: * hosts of predicted prophages, integrated into chromosomes or plasmids; ** hosts of 

isolated phages; *** hosts of predicted episomes, represented by short contigs. 
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7. General discussion and outlook 

More and more studies are uncovering the importance of phages and phage-host interactions 

for marine ecosystems. At the same time, a tremendous phage diversity is revealed by 

metagenomic studies (Mizuno et al. 2013; Gregory et al. 2019; Vila-Nistal et al. 2023). In these 

times of high-troughput sequencing, phage isolation studies are not so frequent, not in the least 

because of their much lower throughput and their dependence on host culturability. However, 

to fully understand the interactions between phages and hosts, and thus their true significance 

for biogeochemical cycles and bacterial evolution, isolation of specific phage-host systems their 

further characterization is necessary.  

In this dissertation, our knowledge of phages infecting marine Roseobacteraceae, which 

are key players in the cycling of organic matter in marine ecosystems, was significantly 

extended. By combining phage isolation with database mining for environmental phage 

genomes, the cobaviruses were uncovered. This led to the delineation and later on, official 

acceptance by ICTV, of the first family of marine, tailed dsDNA viruses – the Zobellviridae, 

member of the Caudoviricetes class. Our biogeography survey showed that cobaviruses 

influence roseobacter populations at a global scale, from temperate to tropical marine waters, 

especially in coastal areas, and thus potentially influence the biogeochemical cycling in these 

environments (Chapter 2 & 3). Furthermore, the large-scale phage isolation campaign using 

direct plating yielded 128 genome-sequenced dsDNA phages. These belonged to twelve new 

genera and infected hosts of the genera Sulfitobacter, Lentibacter and Octadecabacter. Using 

hierarchical clustering of protein-clusters based intergenomic distances, we were able to 

classify these phages into four newly proposed viral families (“Hayaniviridae”, 

“Schlingloffviridae”, “Diferiteviridae”, and “Woolleyviridae”), and four existing viral families 

(Autographiviridae, Casjensviridae, Mesyanzhinoviridae, and Zobellviridae), all in the 

Caudoviricetes class (Chapter 4). Apart from the genomic and taxonomic diversity revealed, 

this new collection provides many new phage-host systems for future detailed investigations. 

A start has been made with the preliminary analysis of the new sulfivirus group, a large genus 

of 89 phages infecting closely related Sulfitobacter strains, which pointed the spotlights on the 

arms race between phages and host bacteria and the genomic microdiversity arising on both 

sides (Chapter 5). Finally, while the focus of this dissertation was on dsDNA roseophages, the 

isolation and initial characterization of Sulfitobacter phage ICBM5 reminds that the 
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aforementioned enormous diversity of roseophages is complemented by a most likely great 

variety of ssDNA roseophages (Chapter 6). 

7.1. The complex and eternally evolving field of phage 

classification and taxonomy 

Any kind of system trying to classify biological entities is human made and inherently limited 

by our understanding of the diversity of the entities to be classified and the forces driving that 

diversity. Thus, quite often, increasing knowledge about the diversity will result in 

modifications of the classification system. In the case of phage taxonomic classification, new 

findings have led to substantial transformations in the recent years. Instead of the traditional 

Baltimore Classification, Koonin et al. (2020a) introduced the new “Megataxonomy of 

Viruses”, which is based on evolutionary relationships. In this megataxonomy, viruses are 

grouped into six realms and within those, they are organized in 15 hierarchical ranks inspired 

by the Linnaean taxonomy.  

These changes in virus classification over the past few years are also reflected in the 

different chapters of this dissertation. For example, the taxonomy of the cobaviruses changed 

between the initial publication of the study in February 2019 (Chapter 2) and the taxonomic 

proposal ratified by the ICTV in March 2021 (Chapter 3), due to the dissolution of the order 

Caudovirales and of the families Siphoviridae, Myoviridae, and Podoviridae, which previously 

contained all tailed dsDNA phages (Adriaenssens et al. 2021). In the new megataxonomy, the 

tailed dsDNA phages are classified in the Duplodnaviria realm and the Caudoviricetes class. 

Accordingly, the cobaviruses are currently classified in the Zobellviridae family within the 

Caudoviricetes order. While for the assignment of lower ranks based on intergenomic sequence 

identities, clear threshold recommendations (species ≥ 95%, genus ≥ 70%) have been compiled 

(Turner et al. 2021; Moraru 2023), the delineation of intermediate ranks suchs as family and 

order is not as standardized yet. However, it is suggested to use whole-proteome based 

clustering methods for this and to compare protein family profiles (Simmonds et al. 2023). The 

classification approach used later on in this dissertation (Chapter 4), using PC-based 

intergenomic similarities for family delineation, suggested that also the Zobellviridae family 

could be split into several families in the future, thus again changing the cobavirus taxonomy. 

The ongoing changes in virus classification were a challenge for this dissertation. At the 

same time, they illustrate how exciting and at the cutting edge of virus research these projects 
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are. Finally, during our classification efforts, we actively took part in shaping phage 

classification criteria. Our studies revealed roseophage diversity at different levels (families, 

genera, and species) and proposed changes in some parts the current classification. On the one 

hand side, the proteomic tree-based classification of the new roseophage isolates (Chapter 4) 

layed the emphasis on family delineation and suggests that most likely existing phage families 

such as the aforementioned Zobellviridae and the Autographiviridae could be transformed into 

higher level taxa in the future. On the other hand side, the isolation of a large number of phages 

from a single genus, the sulfiviruses, placed the focus on virus classification at the genus, 

species and strain level (chapter 5). The revealed genomic microdiversity of the sulfiviruses, 

the cross-infection of their isolation host strains, and the co-infection of the same host cell by 

two sulfiviruses (not included in this dissertation) supports the re-thinking of the viral species 

definition.  

Defining a species as members of populations that actually or potentially interbreed in 

nature, suggests that this group of phages, which co-occur in time and space and genetically 

exchange via recombination, could be regarded to as several strains of one species. This is in 

line with Bobay and Ochman (2018), who showed that the Biological Species Concept (BSC) 

could be applied for a viral species delineation based on the rate of gene exchange within 

populations. Instead of using rigid thresholds for phage species classification (e.g. 95%), we 

should consider using thresholds that define viral species as groups of individuals with higher 

recombination rates among them, even if it means using flexible thresholds for different virus 

groups. In the case of the sulfiviruses, which have a minimum of 69% intergenomic identity, 

and show increased recombination rates, this approach would challenge the 95% threshold used 

by the ICTV for species definition. 

Also in other cases, our studies reflect the necessity and challenge for virus classification 

to include genomic information as well as aspects of lifestyle and ecology. For example, 

Lentibacter phage ICBM8 was included into the “Diferiteviridae” family, despite a PC-based 

intergenomic similarity below the 30% threshold. This decision was made based on congruent 

features with the family member Lentibacter phage ICBM165. Both phages have the same 

isolation host, the same predicted podoviral morphology and the same predicted DNA 

packaging strategy. Furthermore, they occur in the same habitat, as they both have been isolated 

from seawater sample HE504-33 (see chapter 4.3.5.5.). This example illustrates that 

classification thresholds especially at higher and intermediate levels sometimes need to be 

flexible in order to create ecologically meaningful taxa. Even though taxonomic classification 

is based on genetic information, especially for the fast evolving phages with their genomes 
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being highly influenced by horizontal gene transfer, their lifestyle and interactions might be 

more informative with regard to their recombinatory actitivies and allow flexible thresholding 

of the taxons. 

7.2. The role of roseophages in the marine environment, more 

specifically during algal blooms 

Viruses are the most abundant biological entities in the oceans. In surface waters, phages 

outnumber their hosts by an order of magnitude, with 20 - 40% of bacteria being lysed every 

day (Suttle 1994; Suttle 2007; Breitbart et al. 2018). They influence bacterioplankton dynamics 

and play an essential role in global carbon and nutrient cycling. Through viral lysis, bacterial 

community compositions are shifted as dominant members are lysed and thus decrease in 

numbers, as described by the “killing-the-winner” model (Thingstad 2000). At the same time, 

viral lysis leads to the release and recycling of carbon and intracellular nutrients instead of the 

unilateral biomass transfer to higher trophic levels. This phenomenon is termed “viral shunt” 

(Wilhelm and Suttle 1999). In contrast to the viral shunt, it was recently shown that 

phytoplankton can also graze on viruses, thereby redirecting biomass to higher trophic levels 

(DeLong et al. 2023). Furthermore, viral lysis and aggregation of the resulting cell debris can 

lead to carbon export to the deep ocean, known as the “viral shuttle” (Weinbauer 2004; Sullivan 

et al. 2017; Nissimov et al. 2018). Situations with increased carbon turnover, in which these 

interrelations can be well studied, are phytoplankton blooms.  

Phytoplankton blooms are seasonal events mainly happening in coastal regions, in which 

microscopic algae accumulate in the photic zone, forming clouds sometimes being visible even 

from space (Kutser 2009; Dai et al. 2023). The breakdown of these blooms as a consequence 

of grazing, viral infection and limited nutrient availability releases large amounts of dissolved 

organic matter (DOM), which is consumed by heterotrophic bacteria (Biddanda and Benner 

1997; Pinhassi et al. 2004; Thornton 2014; Buchan et al. 2014). The bacteria are subsequently 

infected by viruses, with lytic infections significantly contributing to the collapse of the 

bacterial bloom and the release of nutrients (Kuhlisch et al. 2021; Biggs et al. 2021). Algal 

blooms can be dangerous for marine life and also humans, with toxins produced by some algal 

species accumulating in so-called “harmful algal blooms” (HABs) and being transferred into 

the food web (Anderson 2009; Richlen et al. 2010). Globally, algal bloom frequency and 

extension have increased over the last two decades, even though on a regional scale trends are 
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more heterogeneous due to different climate developments and anthropogenic influences 

(Gobler 2020; Dai et al. 2023).  

The waters around Helgoland Roads in the North Sea are characterized by phytoplankton 

blooms occurring annually during spring and summer (Gerdts et al. 2004; Wiltshire et al. 2010). 

Frequently, they have been a site for isolation of heterotrophic bacteria, including from the 

Roseobacter group, as well as of bacteriophages (Moebus and Nattkemper 1981; Wichels et al. 

1998; Eilers et al. 2000b; Eilers et al. 2000a; Hahnke et al. 2013; Hahnke et al. 2015; Alejandre-

Colomo et al. 2020; Heins et al. 2021; Heins and Harder 2022). Members of the 

Roseobacteraceae family are omnipresent in marine ecosystems inhabiting various ecological 

niches. They are present in pelagic waters, but also in sediment samples and attached to surfaces 

(Brinkhoff et al. 2008; Kanukollu et al. 2016; Simon et al. 2017). Often, they are associated to 

algae, which is why they are especially abundant during phytoplankton blooms (Eilers et al. 

2001; Buchan et al. 2005; Lamy et al. 2009; Teeling et al. 2016). 

The “Roseobacter group strains M#” used for our large-scale phage isolation campaign 

(chapter 4) were isolated from surface water samples taken at the Helgoland Roads time series 

station during the spring phytoplankton bloom in 2016 (Alejandre-Colomo et al. 2020). 

Alejandre-Colomo et al. (2020) isolated strains of the genus Sulfitobacter throughout the bloom, 

i.e. from early-bloom, bloom and post-bloom samples, indicating that these bacteria are 

generalists coping with all stages of the bloom and the related ecological conditions (Alejandre-

Colomo et al. 2020). Also Lentibacter sp. SH36, host of the cobaviruses described in chapter 2 

and several more phage isolates described in chapter 4, as well as Sulfitobacter sp. SH24-1b, 

host of the ssDNA phage ICBM5, were isolated from a phytoplankton spring bloom in the 

southern North Sea (Hahnke et al. 2013). Having isolated seven roseobacter strains with 

different physiological features from the same habitat, Hahnke et al. (2013) hypothesized that 

this metabolic versatility is what enables the Roseobacter group to occupy different ecological 

niches and to cope with changes in the supply of substrates during a phytoplankton bloom. 

Three of the host strains that were used for phage isolation in this dissertation were isolated 

from particle fractions: Sulfitobacter sp. SH24-1b (Hahnke et al. 2013), Lentibacter sp. MPI-62 

(Helgoland, spring phytoplankton bloom 2017, Heins et al. (2021)) and Octadecabacter sp. 

MM282 (shore of Harlesiel, October 2017). This again highlights the inhabitation of different 

ecological niches by members of the Roseobacter group and shows that we have covered this 

habitat diversity in our phage isolation studies. 
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With phage abundance and activity increasing during phytoplankton blooms (Wiltshire 

et al. 2010; Bartlau et al. 2021), seawater samples taken at these times are ideal for phage 

isolation, as it has been shown before. Bartlau et al. (2021) isolated 44 new phages infecting 

Flavobacteriia, another important group of heterotrophic bacteria, from seawater samples taken 

at the Helgoland Roads time series station during the phytoplankton spring bloom in 2018. By 

use of direct plating for isolation and then read mapping against cellular metagenomes, they 

could prove active replication of these phages during the bloom. Furthermore, some of the 

phages could be re-isolated in the following years, supporting their hypothesis that these phages 

are permanently present in this environment and potentially modulate the flavobacterial 

population in the North Sea (Bartlau et al. 2021). Two of the environmental cobaviruses 

described in chapter 2 of this dissertation were detected in spring bloom metagenomes from the 

Helgoland Roads time series station (see chapter 2.3.6.). The fact that they were found in 

metagenomes of two successive years indicates that they are of long-term significance at this 

location as well. To search the metagenomes from Helgoland Roads also for the other new 

roseophages described in this dissertation would definitely be an interesting task for future 

research, especially as their isolation hosts originate from there.  

Also in this current dissertation, the water samples used for phage isolation came from an 

algal bloom situation, a mesocosm experiment with an artificially induced algal bloom. In order 

to investigate the dynamics of phage-host interactions during a phytoplankton bloom in the 

North Sea, a large-scale mesocosm experiment was performed by an interdisciplinary team 

from the University of Oldenburg (Mori et al. 2021; Kerimoglu et al. 2022; Sutorius et al. 2022; 

Dlugosch et al. 2023). Multiple indoor 600-liter vessels, so-called planktotrons, were prepared 

with near-natural conditions and inoculated with North Sea water samples from which grazers 

had been removed by filtration. Over 38 days, the bacterial and viral composition as well as 

several other parameters were monitored during and after the artificially induced phytoplankton 

bloom (Mori et al. 2021). A biphasic phytoplankton bloom was observed, first dominated by 

diatoms (Thalassiosira spp., Skeletonema marinoi, and Pseudonitzschia sp.), and then by the 

haptophyte Phaeocystis globosa. The parallel mesocosms showed overall similar 

developments.  

Heyerhoff et al. (in prep.) analyzed the virus-bacteria dynamics in the mesocosms by 

bacterial and viral metagenomic analyses and could show that in succession of the 

phytoplankton bloom, heterotrophic bacteria increased in abundance, dominated by members 

of the Flavobacterales, until being infected and lysed by viruses reflecting “killing-the-winner” 

dynamics. This way, phage infection contributed to the collapse of the bacterial bloom and at 
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the same time maintained bacterial diversity and stabilized the community composition, which 

was measureable as an increased Shannon diversity index (Heyerhoff et al. in prep.). 

Furthermore, an increase in dissolved organic carbon (DOC) concentration during the viral lysis 

phase could be observed, illustrating the impact of viral lysis on the organic carbon pool known 

as the viral shunt.  

Members of the Roseobacteraceae family were not as dominant in the mesocosms 

(Heyerhoff et al. in prep.). Likewise, host prediction for metagenome-derived viral clusters 

based on CRISPR spacers revealed dominance of viruses infecting Flavobacterales while 

roseophages were not as abundant. Heyerhoff et al. (in prep.) found the numbers of virus-like 

particles to be very stable over the course of the experiment once they had increased in 

consequence of the bacterial bloom. The host affiliation of the viral contigs however showed 

succession patterns similar to those of the bacterial hosts. Thus, with the Roseobacteraceae 

increasing in relative abundance after the first diatom bloom and until the end of the monitoring, 

it could be that with a time delay also the roseophage increased in abundance, which was no 

longer recorded. Water samples for our phage isolation were taken a few days after the 

monitoring had ended. We could speculate that at that time point roseophage relative abundance 

was maybe higher. 

As reviewed by (Silveira et al. 2021), viral infection strategies are dependent on host 

densities. At low host densities, lysogeny is thought to be dominating in order to persist over 

times of low nutrient availability (Coutinho et al. 2017; Silveira et al. 2021). However, also at 

high host densities, lysogeny is prevailing in order to prevent superinfection. The latter is 

described by the “piggyback-the-winner” hypothesis (Knowles et al. 2016; Silveira et al. 2021). 

On the contrary, at intermediate cell densities the lytic life cycle is expected to be predominant, 

with viruses lysing the most abundant and fastest-growing hosts according to the “killing-the-

winner” hypothesis (Thingstad 2000). Our phage isolates were shown to infect their isolation 

hosts lytically, so they are potentially involved in the bacterial bloom collapse. For some of 

them, genetic analysis revealed a lysogenic potential, so they can also be part of the “piggyback-

the-winner” dynamics.  

In order to investigate the temporal occurrences of our new roseophages in the 

mesocosms, it would be a task for future research to perform read mapping of the planktotron 

metaviromes from different time points against our phage genomes. This would also give an 

insight into the question whether the isolated roseophage diversity was already present in the 

sea water inoculum or if it was created by the infection dynamics during the phytoplankton 
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bloom. Moreover, the 16S rRNA gene sequences of our isolation host strains should be searched 

in the amplicon metagenomes to find out at which time points of the bloom they occurred.  

The identity or family affiliation of the roseophages isolated from the different 

planktotrons did not reveal any distinct patterns and did thus not allow any conclusions 

regarding the viral community compositions in the mesocosms (see chapter 4.3.5.). The 

differential yields of phage isolates between P1 (3) and P2 (54) could be explained by the fact 

that the number of virus-like particles (VLPs) in P1 was generally lower throughout the 

mesocosm experiment than in P2 (Heyerhoff et al. in prep.). Phages of the Autographiviridae 

family and the “Hayaniviridae” family originated from several planktotrons, which suggests 

that they are quite stable representatives during such a phytoplankton bloom and replicate 

actively also at lower total virus numbers. For the sulfiviruses of the “Hayaniviridae” family, 

this hypothesis is further supported by the fact that also the host ranges did not show any 

patterns regarding isolation sources (see chapter 5.3.4.).  

7.3. Methodological considerations 

In this dissertation, we isolated a remarkable diversity of roseophages. Using comparatively 

few host species, very different phages were obtained, even though they represent of course 

only a part of the diversity in the ocean, since we focused on lytic, dsDNA phages. For the same 

host strain, phages of different families, potentially even orders were isolated (e.g., phages 

ICBM4 and ICBM7 both infecting Lentibacter sp. SH36). We achieved this by using two 

different phage isolation techniques. The cobaviruses described in chapters 2 and 3 and some 

more Lentibacter phages described in chapter 4 were isolated using enrichment cultures. A 

drawback of this technique is that more virulent phages might outcompete others during 

cultivation, which results in a low number of phage isolates that not necessarily represent the 

most important phages in nature. To circumvent the bias of enrichment cultures, we used direct 

plating in the large-scale isolation campaign described in chapter 4. After concentration of viral 

particles in the pre-filtered seawater by cross-flow filtration, we plated an aliquot of this viral 

concentrate together with a small volume of exponentially growing host culture. Having a 

higher number of different phages in the concentrate and being able to detect individual phages 

as separate single plaques in the bacterial lawn, we hoped to catch a variety of phages that 

reflects more the true diversity in the seawater sample than an enrichment culture. This proved 

successful through the isolation of the microdiverse sulfivirus strains. Isolation of so many 

different sulfivirus strains might not have been possible in enrichment cultures, since the more 
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virulent strains would have prevailed. A disadvantage of the direct plating approach could be 

that there still is a physical enrichment of the phage particles by cross-flow filtration. This might 

not affect so much the diversity of the isolated phages, but it was previously shown to reduce 

the overall phage yield due to high shearing forces (Alonso et al. 2000; Castro-Mejía et al. 

2015). At the same time, the direct plating approach allows a much higher throughput than 

enrichment cultures. This way, we achieved our goal and isolated phages with two levels of 

diversity. On the one hand side, phages of eight different families were isolated. On the other 

hand side, the large collection of highly similar, microdiverse sulfivirus strains was obtained.  

Both isolation methods, direct plating and enrichment culture, were successful. For 

Lentibacter sp. SH36, eight phages belonging to four families were obtained, three of them 

from enrichment cultures and five from direct isolation. Furthermore, it is noteworthy that the 

two approaches gave different phages for the same host strain, indicating that different 

laboratory conditions and techniques can be favorable for different phages and thus a 

combination of both and maybe even other approaches can be useful. Nevertheless, there are 

limitations of both applied phage isolation techniques, which are not easily to be bypassed. In 

general, the incubation time of the enrichment, but also of the plaque assay could influence the 

phage yield. Slow growing phages might be lost if the incubation time is too short, but too long 

incubation could lead to contamination or takeover by few dominating viruses. This dilemma 

illustrates that laboratory conditions cannot easily mimic the natural situation, which is why the 

assessment of viral diversity by metagenomic analyses is very valuable and needs to go hand 

in hand with cultivation studies.  

Another limitation of our phage isolation approaches is that we used pre-filtered seawater 

and thus only free phage particles were part of the viral concentrate while those attached to 

bacteria and algae were lost. This not only excludes phages of host bacteria that live in true 

association with algae. Also free phages are known to randomly attach to particles such as algal 

aggregates (Mari et al. 2007; Riemann and Grossart 2008; Bettarel et al. 2016). The fact that 

also bacteria and intracellular phage particles were filtered out prior to concentration, means 

that only those phages could be isolated, that were actively replicating and thus present in high 

numbers as free particles in the seawater sample. These considerations remind that the infection 

efficiency of phages on certain hosts most likely influence the chance of being isolated. Even 

if the direct plating approach is not as prone to the takeover of the most dominant and fastest 

replicating phage as an enrichment culture, still the infection efficiency must be high enough to 

produce visible plaques on the plate.  
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This requirement is also very important to be kept in mind when interpreting the results 

of host range assays. Host ranges tested with spot assays tend to be overestimated (Holmfeldt 

et al. 2007; Hyman and Abedon 2010). Thus, we applied a method adapted from the “Molten 

Streaking for Singles” technique described by Kauffman and Polz (2018) to determine the host 

range of the sulfiviruses. Successful infection of the respective host is indicated by single 

plaques, therefore false positive results due to spontaneous lysis of the bacteria can be excluded. 

The determined host range can be described as “plaquing host range” (Hyman and Abedon 

2010). Nevertheless, this method does not consider varying infection efficiencies. Prerequisite 

for an infection to be recognized is the formation of a visible plaque within the given time 

frame, which in turn requires a certain level of infectivity. Thus, infections of low infectivity 

are not being detected and the “plaquing host range” might not reflect the complete scope of 

host strains. This limitation should not be underestimated when trying to elucidate the links 

between co-infection, gene exchange and the emergence of viral microdiversity. Kauffman et 

al. (2021) evaluated host range and recombination within a large dataset of Vibrio phages and 

detected that recombination is common even between phages without overlaps in the 

determined host range. They hypothesized that phages infect many strains without killing them, 

still enabling co-infection and recombination. This underlines again, how important it is to 

identify the determined host range as “plaquing” or “killing”. 

7.4. Outlook 

The aim of this thesis was to isolate and characterize new phages infecting marine 

Roseobacteraceae and this way to shed more light on their diversity in the North Sea. This aim 

was fulfilled by the isolation and taxonomic classification of 113 new roseophages infecting 

strains from three roseobacter genera. With the creation of such a large roseophage collection, 

this dissertation offers many opportunities for further research. Through taxonomic 

classification and initial genome analyses, a fascinating diversity has been revealed that is just 

waiting to be explored in more detail.  

The potential ecological relevance of the cobaviruses was already uncovered by 

examination of their biogeographical distribution using read mapping against marine 

metagenomes (chapter 2 and 3). A search in more than 5,000 metagenomes revealed that they 

occur worldwide in many marine habitats, which indicates their participation in shaping 

Roseobacteraceae communities all around the globe. In regards to the new roseophage isolates 

(chapter 4 and 5), their taxonomic classification into families together with other phages that 
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have been isolated from very diverse habitats, from soil to sea- and freshwater to anthropogenic 

environments (see chapter 4.3.5.), suggests that they could also be found worldwide in 

metagenomes. Furthermore, our new roseophage isolates were obtained from seawater samples 

from different years (2013, 2015, and 2018) and seasons (March and July 2018), illustrating 

that we captured part of the roseophage diversity in the North Sea at different times and spaces 

and indicating that these phages are of environmental relevance over a longer time period. This 

especially holds true for the two Lentibacter phages in the “Schlingloffviridae” family, which 

were isolated in different years. 

Nevertheless, the environmental relevance of the new roseophages should be assessed 

more specifically in the future. This could be done by read mapping against metagenomes 

providing different types of information: (i) metagenomes from the planktotron mesocosm 

experiment have a background of fine scale metadata from a phytoplankton bloom (Mori et al. 

2021; Dlugosch et al. 2023), (ii) metagenomes from time series stations such as Helgoland 

Roads reflect phytoplankton blooms in the natural environment and are available from several 

years and seasons (Teeling et al. 2012; Teeling et al. 2016; Chafee et al. 2018; Krüger et al. 

2019), and (iii) metagenomes from different locations and habitats around the world can provide 

knowledge about their spatial distribution. If available, both viral and bacterial metagenomes 

should be investigated. Lytic phages can be captured in cellular metagenomes due to ongoing 

infections during the time point of sampling or because free virus particles were caught because 

of unspecific binding during filtration, as it was likely the case for the cobaviruses. However, 

several of the new roseophage isolates showed indications for lysogenic potential and thus 

could be found being present as prophages. In addition, metagenome searches could gain 

information about the habitat and lifestyle of the Roseobacteraceae host strains. As the 

cobaviruses were often found in metagenomes from protist size fractions, we hypothesized that 

their host bacteria could be protist-associated. This was supported by the fact that the 

cobaviruses possessed a class II cobalamin-dependent RNR gene, which was earlier 

hypothesized as an indication for infection of vitamin B12-producing bacteria living in 

association with phototrophic protists (Sakowski et al. 2014). Since cobalamin-dependent RNR 

genes were also present in some of the other new roseophages (Mesyanzhinoviridae and 

“Hayaniviridae”, chapter 4.3.5) and since the host genera Sulfitobacter and Octadecabacter are 

known to associate with algae (Guannel et al. 2011; Dogs et al. 2017; Yang et al. 2021; Jin et 

al. 2023), the new roseophage genomes will likely be found in metagenomes from algal size 

fractions, as well.  
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Furthermore, the lifestyle of the new roseophages should be examined. On the one hand, 

their life cycle when infecting the respective isolation host strain should be described by means 

of one-step growth curves (temporal succession, burst size, etc.). On the other hand, their ability 

to infect other strains should be tested. Both can be done in culture but also in situ using the 

phageFISH technique (Allers et al. 2013; Barrero-Canosa and Moraru 2019). For the 

cobaviruses, the host range was already determined, however only using a collection of type 

strains from different Roseobacteraceae genera. It would be interesting to test their ability to 

infect more closely related strains. In contrast, the sulfiviruses were only tested for their 

infectivity against the highly similar, species-level related sulfivirus host strains. A future task 

could be to determine whether they can infect strains of different species and genera.  

With the sulfivirus project being presented in this dissertation in the form of preliminary 

results (chapter 5), the main goal for the near future is to learn more about the relationship 

between this intriguing group of phages and their hosts, and how their interactions generate 

microdiversity on both sides. A start has been made by Ismail Hayani, who could show in his 

master thesis that sulfiviruses ICBM16 and ICBM18 co-infect their isolation host Sulfitobacter 

sp. M53. A future task will be to prove that this co-infection leads to recombination events 

between the viral genomes and thereby contributes to horizontal gene transfer and 

microdiversity. Furthermore, the infection cycle of the sulfiviruses should not only be analyzed 

in single infection cultures, but also in co-culture with multiple phages and maybe even multiple 

host strains. Following the infection dynamics by phageFISH and transcriptomics could give 

valuable information about potential competition between sulfiviruses, co-infection or 

superinfection exclusion, potential prophage induction and regulation of defense systems on 

both sides, phages and hosts. 
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Appendix 

a) Supplementary tables 

Table S 1: List of Rhodobacteraceae strains used for the host range assay. 

Name Strain designation  Strain  Infected (- no, + yes)  

Antarctobacter heliothermus  EL-219  DSM 11445  -  

Celeribacter baekdonensis  L-6  DSM 27375  -  

Celeribacter indicus  P73  DSM 27257  -  

Celeribacter marinus  IMCC12053  DSM 100036  -  

Celeribacter neptunius  H 14  DSM 26471  -  

Citreicella aestuarii  AD8  DSM 22011  -  

Citreicella marina  CK-I3-6  DSM 26424  -  

Dinoroseobacter shibae  5 Plasmids  DSM 16493  -  

Huaishuia halophila  ZXM137  DSM 26270  -  

Hwanghaeicola aestuarii  Y26  DSM 22009  -  

Jannaschia donghaensis  DSW-17  DSM 102233  -  

Jannaschia helgolandensis  Hel10  DSM 14858  -  

Jannaschia pohangensis  H1-M8  DSM 19073  -  

Jannaschia rubra  4SM3  DSM 16279  -  

Leisingera aquimarina  R-26159  DSM 24565  -  

Leisingera caerulea  13  DSM 24564  -  

Leisingera daeponensis  TF-218  DSM 23529  -  

Leisingera methylohalidivorans  MB2  DSM 14336  -  

Lentibacter sp. SH36  + 

Litoreibacter albidus  KMM 3851  DSM 26922  -  

Litoreibacter arenae  GA2-M15  DSM 19593  -  

Litoreibacter janthinus  KMM 3842  DSM 26921  -  

Litorimicrobium taeanense  G4  DSM 22007  -  

Loktanella cinnabarina  LL-001  DSM 29954  -  

Loktanella fryxellensis  R-7670  DSM 16213  -  

Loktanella hongkongensis  UST950701-009P  DSM 17492  -  

Loktanella koreensis  GA2-M3  DSM 17925  -  

Loktanella pyoseonensis  JJM85  DSM 21424  -  

Loktanella salsilacus  R-8904  DSM 16199  -  

Loktanella tamlensis  SSW-35  DSM 26879  -  

Loktanella vestfoldensis  R-9477  DSM 16212  -  

Maribius pelagius  B5-6  DSM 26893  -  

Maribius salinus  CL-SP27  DSM 26892  -  

Marinovum algicola  FF3  DSM 10251  -  

Marinovum algicola  DG898  DSM 27768  -  

Maritimibacter alkaliphilus  HTCC2654  DSM 100037  -  

Nautella italica  R11  DSM 26436  -  

Oceanibulbus indolifex  HEL-45  DSM 14862  -  

Oceanicola batsensis  HTCC2597  DSM 15984  -  

Oceanicola granulosus  HTCC2516  DSM 15982  -  

Oceanicola nanhaiensis  SS011B1-20  DSM 18065  -  

Octadecabacter temperatus  SB1  DSM 26878  -  

Palleronia marisminoris  B33  DSM 26347  -  

Pelagibaca bermudensis  HTCC2601  DSM 26914  -  

Phaeobacter gallaeciensis  BS 107  DSM 26640  -  

Phaeobacter inhibens  DSM 17395 - 

Phaeobacter inhibens  T5  DSM 16374  -  

Phaeobacter inhibens  2.10  DSM 24588  -  

Ponticoccus litoralis  CL-GR66  DSM 18986  -  

Pseudophaeobacter arcticus  20188  DSM 23566  -  

Pseudoruegeria lutimaris  HD-43  DSM 25294  -  

Roseibacterium elongatum  Och 323  DSM 16469  -  

Roseivivax isoporae  sw2  DSM 22223  -  
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Roseivivax roseus  BH87090  DSM 23042  -  

Roseobacter denitrificans  Och 114  DSM 7001  -  

Roseobacter litoralis  Och 149  DSM 6996  -  

Roseovarius crassostreae  CV919-312, CVSP  DSM 16950  -  

Roseovarius halocynthiae  MA1-10  DSM 27840  -  

Roseovarius indicus  B108  DSM 26383  -  

Roseovarius lutimaris  112  DSM 28463  -  

Roseovarius marinus  HDW-9  DSM 25228  -  

Roseovarius mucosus  DFL-24  DSM 17069  -  

Roseovarius nubinhibens  ISM  DSM 15170  -  

Ruegeria atlantica  1480  DSM 5823  -  

Ruegeria conchae  TW15  DSM 29317  -  

Ruegeria marina  ZH17  DSM 24837  -  

Ruegeria pomeroyi  DSS-3  DSM 15171  -  

Sagittula stellata  EE-37  DSM 11524  -  

Salinihabitans flavidus  ISL-46  DSM 27842  -  

Salipiger mucosus  A3  DSM 16094  -  

Sedimentitalea nanhaiensis  NH52F  DSM 24252  -  

Sediminimonas qiaohouensis  YIM B024  DSM 21189  -  

Shimia haliotis  WM35  DSM 28453  -  

Shimia marina  CL-TA03  DSM 26895  -  

Sulfitobacter delicatus  KMM 3584  DSM 16477  -  

Sulfitobacter dubius  KMM 3554  DSM 16472  -  

Sulfitobacter litoralis  Iso 3  DSM 17584  -  

Sulfitobacter marinus  SW-265  DSM 23422  -  

Sulfitobacter mediterraneus  CH-B427  DSM 12244  -  

Sulfitobacter noctilucae  NB-68  DSM 100978  -  

Sulfitobacter noctilucicola  NB-77  DSM 101015  -  

Sulfitobacter pseudonitzschiae  H3  DSM 26824  -  

Sulfitobacter sp.  EE-36  DSM 11700  -  

Thalassobius aestuarii  JC2049  DSM 15283  -  

Thalassobius maritimus  GSW-M6  DSM 28223  -  

Thalassococcus halodurans  UST050418-052  DSM 26915  -  

Thioclava dalianensis  DLFJ1-1  DSM 29618  -  

Thioclava pacifica  TL 2  DSM 10166  -  

Tranquillimonas alkanivorans  A34  DSM 19547  -  

Tropicibacter multivorans  MD5  DSM 26470  -  

Tropicibacter naphthalenivorans  C02  DSM 19561  -  

Tropicimonas isoalkanivorans  B51  DSM 19548  -  

Wenxinia marina  HY34  DSM 24838  -  

Yangia pacifica  DX5-10  DSM 26894  -  

 

 

 

Table S 2: Sequencing and assembling phage genomes from isolates and enrichments. 

 Phage isolates - sequenced by Enrichments - sequenced by 

 Illumina PacBio Illumina (S1 and S2) PacBio (S2 only) 

ICBM1  yes  yes  not assembled  not assembled  

ICBM2  yes  no  assembled in S2  assembled in S2  

ICBM3  n.a.  n.a.  assembled in S1, S2  assembled in S2  
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Table S 3: Cobaviral genomes - % GC and length (bases). 

Name  G+C 

content  

Sequence Length (bases)  

vB_LenP_ICBM1  47.00%  40163  

vB_LenP_ICBM2  47.80%  40907  

vB_LenP_ICBM3  47.30%  40498  

SIO1  46.20%  40072  

P12053L  46.10%  39061  

EnvX  40.20%  40752  

EnvY  40.10%  36003  

EnvZ  44.80%  35824  

Env8  39.80%  38447  

Env9  40.30%  41607  

Env14  40.30%  35066  

 

Table S 4: Bi-directional rho-independent transcriptional terminators in the genomes of the Cobavirus group (blue - stems, red 

- loops). 

Name  
Terminat

or name  
Position  Sequence Strand Delta G  

ICBM1  t1  15927-15979  
CAAATAAGTAAAGCCCCCAAGGAGAAATCCAA

GGGGGCTaTTTCTTTGTGTAT  
-  -13.84  

ICBM1  t2  15930-15981  
CACAAAGAAATAGCCCCCTTGGATTTCTCCTTG

GGGGCTTTACTTATTTGGA  
+  -13.64  

ICBM3  t1  15916-15968  
CAAATAAGTAAAGCCCCCAAGGAGAAATCCAA

GGGGGCTaTTTCTTTATGTAT  
-  -13.84  

ICBM3  t2  15919-15970  
CATAAAGAAATAGCCCCCTTGGATTTCTCCTTG

GGGGCTTTACTTATTTGGA  
+  -13.64  

ICBM2  t1  14733-14782  
AACACAAAGAAGCCCCCAAGGAGAAATCCAA

GGGGGCTTTTGCTTGTCTA  
-  -12.64  

ICBM2  t2  14735-14784  
GACAAGCAAAAGCCCCCTTGGATTTCTCCTTGG

GGGCTTCTTTGTGTTTA  
+  -13.14  

P12053L  t1  17261-17316  
TAAACACAAAGAAGCCCCCAAGGATTTTACTC

CAAGGGGGCTTTTGCTTGTTCATC  
-  -14.09  

P12053L  t2  17265-17316  
AACAAGCAAAAGCCCCCTTGGAGTAAAATCCT

TGGGGGCTTCTTTGTGTTTA  
+  -12.99  

SIO1  t1  15149-15204  
TAAACACAAAGAAGCCCCCAAGGATTAATCTC

CAAGGGGGCTTTTGTTTGTCTATA  
-  -14.09  

SIO1  t2  15153-15204  
GACAAACAAAAGCCCCCTTGGAGATTAATCCT

TGGGGGCTTCTTTGTGTTTA  
+  -12.99  

EnvX  t1  12131-12185  
GAAATAAAGAAGAAGCCCCAAGGAGAAATCC

TGAGGGGCTTTTTTATTACTCTTG  
-  12.06  

EnvX  t2  12134-12187  
GAGTAATAAAAAAGCCCCTCAGGATTTCTCCTT

GGGGCTTcTTCTTTATTTCTT  
+  -11.26  

EnvY  t1  12048-12102  
GAAATAAAGAAGAAGCCCCAAGGAGAAATCC

TGAGGGGCTTTTTTATTACTCTTG  
-  -12.06  

EnvY  t2  12051-12104  
GAGTAATAAAAAAGCCCCTCAGGATTTCTCCTT

GGGGCTTcTTCTTTATTTCTT  
+  -11.26  

Env8  t1  11722-11764  
AGAAAAAGTAAGGGAGCCTAAGTAGCTCCCcT

TTTTTATACCT  
-  -10.60  

Env8  t2  11724-11765  
GTATAAAAAAGGGGAGCTACTTAGGCTCCCTT

ACTTTTTCTT  
+  -12.70  

Env9  t1  18115-18164  
AAATAAAATAAACCCCCTTGGATTTCTCCTTGG

GGGTTTTTTCTTACTTG  
-  -10.44  

Env9  t2  18115-18169  
CAAGTAAGAAAAAACCCCCAAGGAGAAATCC

AAGGGGGTTTaTTTTATTTCTTTT  
+  -12.34  

Env14  t1  12255-12297  
TAAAAGAAGAAGGGAGCCTAAGTAGCTCCCcT

TTTTTTTATGC  
-  -10.60  

Env14  t2  12257-12298  
ATAAAAAAAAGGGGAGCTACTTAGGCTCCCTT

CTTCTTTTAA  
+  -12.70  
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Table S 5: DTRs from related phages. 

Group phages 

DTRs 

- 

length  

DTRs - 

nucleotide 

identity 

(excluding 

gaps)  

DTRs - alignment  

1  

Acinetobacter phage 

phiAB1  
410  

87%  

 

 

Acinetobacter phage 

phiAB6  
421 

2  

Yersinia phage Berlin  227  

95%  

 

 

Yersinia phage Yep-

phi  
222 

3  

Pseudomonad phage 

gh-1  
217  

92%  

 

 

Pseudomonas phage 

phiPSA2  
216 

4  

Yersinia phage 

phiA1122  
148  

80%  

 

 

Enterobacteria phage 

13a  
170 

5  

Citrobacter phage 

SH5  
191  

100%  

 

 

Citrobacter phage 

SH4  
191 

6  

Klebsiella phage K11  180  

83%  

 

 

Klebsiella phage 

vB_KpnP_KpV289  
179 

7  

Enterobacteria phage 

K30  
393  

80%  

 

 

Klebsiella phage K5  392 

8  

Enterobacteria phage 

BA14  
194  

83% - 93%  

 

 

Kluyvera phage Kvp1  194 

Erwinia phage FE44  193 

9  

Pseudomonas phage 

PT5  
413  

98% - 100%  

 

 

Pseudomonas phage 

phiKMV  
414 

Pseudomonas phage 

PT2  
488 

10  

Klebsiella phage 

KP34  
216  

71% - 87%  

 

 

Klebsiella phage 

vB_KpnP_KpV41  
214 

Klebsiella phage 

vB_KpnP_KpV475  
243 

Klebsiella phage 

vB_KpnP_KpV71  
246 

11 
Enterobacteria phage 

EcoDS1  
178 84% - 93%   
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Citrobacter phage 

CR44b  
183 

 
Citrobacter phage 

SH3  
184  

Escherichia phage 

vB_EcoP_GA2A  
165  

12 

Pseudomonas phage 

LUZ24  
165 

88% - 99% 

 

 

Pseudomonas phage 

phiIBB-PAA2  
183  

Pseudomonas phage 

TL  
207  

Pseudomonas phage 

vB_PaeP_C2-

10_Ab22  

184  

Pseudomonas phage 

PhiCHU  
185  

13 

Enterobacteria phage 

T7M  
230  

83% - 100% 

 

 

Yersinia phage 

phiYeO3-12  
232  

Enterobacteria phage 

T3  
231  

Salmonella phage 

phiSG-JL2  
230  

Yersinia phage 

vB_YenP_AP5  
235  

Citrobacter phage 

SH1  
231  

Citrobacter phage 

SH2  
243  
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Fig. S 2: Plots showing the read coverage along the phage genomes for the S1 and S2 phage enrichments. In black– coverage of reads 

with 100% identity. In red – coverage of reads with >95% identity. The small differences between ICBM3 and the ICBM3-like genome 

from S1 enrichment could be due to sequencing errors, as the coverage in the variable regions dropped sharply for the genome retrieved 

from S1, but not for ICBM3 (see Fig. S1). 
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Fig. S 7: Phylogenetic analysis of the Terminase large subunit from cobaviruses and other phages with 

known genome ends and packaging strategies. The evolutionary history was inferred using the 

approximately-maximum-likelihood method implemented in FastTree 2.1.5. The node labels represent Fast 

Tree support values. The tree is drawn to scale, with branch lengths measured in number of substitutions 

per site. The tree is unrooted. 
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Fig. S 10: Neighbour joining tree based on 16S rRNA gene similarity showing the phylogenetic affiliation of bacterial hosts 

analysed in this study (bold) within the Rhodobacteraceae. Sequences of type material (>1300bp) were used to construct the 

backbone tree. Only bootstrap values ≥50% (derived from 1500 replicates) are shown. Selected sequences related to 

Gammaproteobacteria were used as outgroup to define the root of the tree (not shown). GenBank accession numbers are given 

in parentheses. Scale bar indicates percentage of sequence divergence. 
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Fig. S 11: Phylogenetic positioning of the cobaviruses (green font) and spanin containing prophages from 

Rhodobacteraceae (blue font). The whole-genome-based phylogeny was inferred using the Genome-BLAST 

Distance Phylogeny method implemented in the VICTOR web service, using the amino acid data. 
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Fig. S 12: Locations in which cobavirus hosts were found based on a 16S rRNA survey in the NR Blast database and in the 

Tara Ocean samples. 
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Fig. S 13: Gel electrophoresis of RAPD-PCR products for all phage isolates. For each unique pattern, one isolate was 

chosen to be genome sequenced (green arrows). Marker 1kb Plus DNA ladder (InvitrogenTM).
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Fig. S 14a-i: Whole-genome based proteomic tree of 965 dsDNA phages. The tree is split into several figures, 

with overlaps. Names of cultivated roseophages are marked in green (previous) and blue (this study). Color-

strips indicate affiliation to ICTV-recognized families and subfamilies, respectively. Genome lengths are 

displayed as bar chart. Colored branches indicate viral genome clusters (VGCs). 
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Fig. S 14b 
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Fig. S 14c 
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Fig. S 14d 
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Fig. S 14e 
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Fig. S 14f 
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Fig. S 14g 
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Fig. S 14h 
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Fig. S 14i 

 

Fig. S 15: Sequence comparison of the 16S rRNA gene and the ITS region of strains M290, M71 and M172. 

Sequences of strains M71 and M172 were mapped against the sequence of M290 using Geneious Prime®. 
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Fig. S 16a-e: Genome maps of all complete Sulfivirus genomes, ordered by species cluster. 
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Fig. S 16b 
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Fig. S 16c 
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Fig. S 16d 
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Fig. S 16e 
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c) Supplementary text 

Isolation of Lentibacter sp. MPI-62 and Octadecabacter sp. MM282 (by Anneke Heins, 

MPI, Bremen) 

Lentibacter sp. MPI-62 was isolated from a seawater sample taken at the Helgoland Roads time 

series station (54°11’03”N, 7°54’00”E) in April 2017. Octadecabacter sp. MM282 was isolated 

from a seawater sample taken at high tide at the shore of Harlesiel (53°42'39"N 7°48'28"E) in 

October 2017. In both cases, one liter of seawater was transferred to a sedimentation cone 

(Imhoff, Brand, Wertheim, Germany). Sedimentation was allowed for 24 h at room 

temperature, and then the particle fraction was removed with the help of a stopcock at the 

bottom the cone. The particle fractions were homogenized and then diluted with sterile artificial 

seawater (following the recipe of Widdel and Bak (2013)). For the isolation of Lentibacter sp. 

MPI-62, the diluted fraction was plated with a sterile one-way inoculation loop on an MB-agar 

plate (recipe as described above). For the isolation of Octadecabacter sp. MM282 a Syl-agar 

plate was used (recipe after Hahnke and Harder (2013)). The plates were incubated for five 

weeks in the dark at 12 °C. Colonies were picked and transferred to new agar plates for strain 

purification. 

 

Genomic information on “Ascunsovirus oldenburgi” ICBM5 

>Ascunsovirus_oldenburgi_ICBM5 
TTCAGACGAAAGGATGCGCGACGATAAAATTAGCTCTTGCAAACCCCGTCCAAATTCGACTAAGGT

CAATTTAGGGAATGGTTCCCGGCGCGGGTTTATCCCGTGGTGCTAACAAAGGAAAAACACATGGCT

GATAAAGCAACTTCCCCGACTACCGTCTCTAAAAAAGATCGTGATGATTTTGAGCTTCATGTTCGG

CTCTTGAGCCGGGCAGGTTACAAAACTGCCGAAGCTCGGACAATTGCATGGCTGCGCGGCCCTGCT

GGGCTGCAAGAAATGCTTGCGGGCGTCAAGGTCGCAAGCTAACATAGGTTGAGCGGTTCGCCGCTC

AACATTAACCGCAAAAAAGGAGAGAAATGTGAGTGCATTGAAACACTTTCTTACAAACCGTTTGAC

AGTCGTGGTTCTTACCTCGCTGGCAACGGCAGTAGGTACTGCGCTTGCGACGGAGTTTCCGTCCATT

TATAGCGCAGTCTGTGCCTAATGTCGGCTATCGCTGGTGCTCTTATCTCAGGTGGCGCAAGCCTCCT

AGGTGGTCTGTTCGGGCGTTCTTCTGCTAGCAAGCAGCAAGCCCGACAGAATGAGTACAACAAGCC

GATTAACATTCGCAAGCGGGCCGAGGAGGGGGGGTTCAACCCCCTGCTCTGGGCCGGTCAAGGCA

ACATCCAAATGCAGCCGGGTCCGTCCGGCATCATGGGTTCCGCTATTGCGAATGCTGGCCTAGCTC

TTGCCGATGGCATGAGCGAACAACGCCAGCTCGACCTTGAGCGTACCAAGCTCAAGCAAGATCAA

GAGCGTCTCGACGCTCTGATCGAAAAACAGACCATCCGGCCAAAGGTCGGCGGCATTTATGCCGG

GTCGCAACAAACGCCTTCTGTAGCGCGCGCTCCCGGTCGCCCGCTTATGAATGGCGCTCCTCAACC

CGGCTCTGCGCCGGTCTTTAACCCGCCAACGGAGTACAACCCAATCCCCGATGATGGCCCTCGCCT

GCAAACGAAAGTGATGCGTAGCGATGGCATGACCTCGGCGGATCCTGAAAATCCCGCCGAAATGG

AGGGCGATTGGTGGACGTGGGCCAGAGAGGGAACTTTCTGGCAAAACAACAACGAAATTCTGCGG

CGTAATACGCCGGAGACGTTGCACTACAAGGGTCGCGATGCCTTGTTCCCGAAAATGATTGACGGG

GCAAGGAAAGCGCATAAGAAGGCTCAAGAGGACTTCGAGAAAAACCCGCCAAAACGCCGCAAGC

TTAAAGGCGTCAACCCTAACCTAAACGACAAGAAATGGTAATGAACATGTCAAAGTATCAACGTC

CTACAAACACACGCCGCGAAAGCCGGACCATCGCTGGCCGGTTCCGTGGCGGCAAGTTGGCTCCTG

TTATGGCGTCCGCGTTCCGTGAGAGCGAAAGTGCAATCCTTTCGCAACAAGTTACCTATGAACTTG

ACCCAATCGCGGGCCGTATGATTACGCCGATCATGGCGGAACTTATCTCTGTATATGTTCCGGTCCA

AGCGATCGACGCCCTAAAAAACCCTGAGGAGGCTTATGCCGGTAACACTGAGGTTGTCCGTGACA
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AGCTCCTCTCAGGAACGCCGCTGTTCGGCCTCGAAGACGAAAGCGAGATTTCGAAGCGTCTAGGCG

TTAACCCTATCTCTGTGGGTGGTGTCAAAAAAGTGAACGAGGCGGCACGCCTTGCGCATAACTGCG

CCGTGAACTTCCTACGTCAGCGCAAGTACGTCAACACGGTCAAGCTATTGGCCGATAATATGAACG

TAACGCCTGCGCTGATCTCTCAAACGGTTCTCGACCGGCTGAACGCCGTGCTCGATCCTGAGGATC

GTGTCAACGGTGCTGTGCAGCTTGACCTTGGGAACGTGCGTATGCCGGTCGAAGGCGTCGGCGTTG

AATACAATGCCGTTCCAGTGACTACCCCCGGTTGGAACGATACAGAGAATGACCGTGCTGCTGATC

CTCACTATTTCTCGGACCACGCCGCAGGCATTCGCCTTGCGATTGCCTCGGAGAATGGTCGTCCAGC

GGTCTACGCTGTTGGCGAGGGTCAAAATGCCGGCGGCATTTCCCTTACTGACTTCTACAACGCCGA

ACTGATGGACAGTCTTGTGCGCCAGATGCGGCAGATTGTCGATGATAACCCTGAGTATGGCGAAGA

AATGGTCACACGCTGGGCGCATGGTCTTTCTGTTGATAACGGCAAAACTCCTTGGATTTTGCACCA

AAGCCAGCAAATGTTCGGCAATCAATTCCGCCGTGCCATGGATGGTGCAAACCTCGATGTTGCTCA

ATCCGACATGATGCAAAGCCTTGAATTCACTGTCCCCGTGCCTCCAACGGAATTGGGCGGGGTCGT

GATTACCTTTGCATCTGTGAAGCCTGACGAAACACTAGGCTCTCAGCCGCACCCGTTCCTGTCGAC

AACATGGGAGGCGACTAACTACGTCTCCGACGAGTTGGCACGCGACCCTGAGGCCGTGACCATGC

GTCACCTGAACAGTGACGTTCCTATGGTCGATGAGGACACTCGTGCTCTCTACATCGGTCACAACG

GTCTGAAAAAAGCCTACATCTCATATGGCTTTAACCGGCATCTCGACCCTACTACGGTCGAAGCGA

AAACTGCCATCTGGCAGCTTGAGGTGCCAATGTCCGTAACGCCTGAAAGCGTTATCTATCCCGAGG

ACTTGGACCATTATCCGTTTGCGGATCAGCTTGCAGAGGTCTGCACCTATCAGGTTAGTTCGACCGC

TACAGTGCGGACGCCTATGGTCTTCGGTCCGACACCAGTTGAGGAACTGGCCCAGATTGAGACAGA

CAACGTCTTCGAAGACGTATAAAAAAAGGGGGGCGGTTATGCCGCCCCTCAATAAACCTTAAAAA

ACTGGAAAGATGAAATGCAAGTTAATGATGCAAAACGCTCCGTTCTTCTCGTCGGCCTTAATGGCG

GCGAAGTTTCTGTAATCTCCGCAGATGGTGAGATTATCGCGACCGAAGGTGTAACCGCTGGTCGGC

ATAAATGCTCCTCTTGGGTGCCATTTATGTCCAATGAGGGCGATGAATTGAGCTTCTCCGGCGATGT

GGTCCCAATGGTGCCAAATGGCGGTCGTGTCCGGCCTATGGCCTACGGCCCCGGTCAATTTGAAAG

CGGTGCCAATCCCGATTTCGTCGTTACTTCGGCGGATCGGATGGCTCGTGAGCTTGACCATAAAATT

AGGGGTCTTGACCAGACCGCTAAAAAAGTTGAGGCCCGTATTGCGCAGTTGAACAATCTAGCAGA

ACGCGCTAAAACACCTGTAGAAGTAGCAAAGGAGGAAAAAGTCGATGTTATTGATGATGACGATG

TTTCTGACGTTCGTAGCTCTGGCGACGATAGTGACGATACGGGACCTGATTTTGGCGCTGAAAAAG

TGGGGGCAGAATGAATGATGCCCCGAAAAAAAGCAATTCGGGTCGCAAACAAAGCTGGCTCCGCG

CGTATGCGCGGGGCCTCAAAGGCGGCACCCCGAAAACGCTCTGCGAAAGCCTGCGCCTGTGGTCA

ATCCCACAAGAGCAGGCGCAAGACGTGACAAAAAAAACTTACCTCAACGCCGCAGATGGCCCCAT

GATCTGGCTCGGTGAGCAGATTGTCAAACGCATGGAAAAGGCGGGTTATCCCTCCCGCATTTTCTG

CGGCTATCGTTCCCCAGAACAGCAAGACAAGGAGTTTGCAGAGGGCGACAGCAAGGCTAGGGCCT

ATCAAAGCCCACATCAGTTTTATGAAGCGGTAGACATAATTCATAAGACAAAAGCATGGAACGTCT

CTCAAGATTATTGGGATACACTCGCCGCAATTGTGCGAGTTGTAGAGCGTGAATATGCTATAGACC

TCGTGCATGGTTATGATTGGGGATGGGACAGTGCCCATATTGAGATTGCTTTGTGGCGTCAAGTTCC

AAAGCGTCAAATTGGCAAAACTGGCTCTAATTATCCCCCGTCACCTTGGGAACGTGAACAGCGTTT

CAAGGAGTTGCTTCCCGCTGTTTATGCGGCGCAACATCGGCCATAGACTTATGGCAATCTATGCAA

ACTAACAAGCGGGCGGCCTCTATGCGAGAGCCGCCCGTTTTGCATCCCTGCGGGCCAGTCGGAGAC

TGGCCAGCGGCAACTATATTCCGGGCCAAATCTTTTGGACGCGCCTTAGCGCCCCGGATGGCTACG

CAGCGTTAAGCTAGTGCCTAACAATGTGTCAGTAAGCTCGTCAACGTAAACCTCTCTCAGAATTGA

GGACGGTTTGCGTTGATCCCCCTAGCAGGCCCCCCTTGTTCCTGTATACACTTACTGACACAAAAAA

CAGGAGTTAAAGAATATGTGCAGTGATTTAATCCATATCGACGGGCAGCAATTTGCCTGTCGTAAG

TGTAATGAGTGCATCACCGCTAGGAAAAATGGTTGGGTTGCTCGTGCGATGGCTGAAAAGGCCGTC

ACTGCTGAAACTTTCAGCGTAACCCTAACTTATAATGATGCTACTCAGGAAAGCCGCGATGCGGCA

AAGACGTTCGAGTATCGACACGTCAAAAACTGGATTAAGAACCTTAGGCGTCAAATAGAGTACAC

CACCGGCCAGACTGGCCTTCTCCGCTACCTTGTAGCGGGTGAGCGCGGTTCCGATAAGGGCCGCTG

CCACTGGCATGTAATCTTGTTCTGTAACGCCGATATTTTAACGCTAGGAAAAATGACGCACTGGCC

CTCTGGCAAACTTGCTGCCGATAGGGCCGAAATTATAACTACAGGAAAAAGGAAAAAACGTATTA

ACTGGTCTCTCTGGCCGTATGGCTTCGTCAGCTTTCAAGAGCCTGACCAGTGGGGCATGGAGTACG

CCTTAGCGTATGCCCTCAAAGATCAGTTTAACATTGTCTCCGCTGCCGGTACGGCGCGGGAGGCTC

ACGTTTCCCGCACTTCTGCGGGTATGTTCCGCATGTCCAAAAAACCCCCAATCGGTTTCCCCTTTCT

TGAGCGCAAGCTCAACGCGCTAGATGCGCGTGGTCAGCTTCCAGTTGACCTAAAAATAAGGGTTCC

CGATTACAAAGGGTACTGGTATCCTACGGGAGCTATCCGCGAGTACATGCTCGACCGCTTGCGGAT

CAGCAATGAGCTTTACAAAGCTCAGCATGGGCGTAATGCGCCACAATGGACCTCGCTAACGCGAA

GCGTTGAGCAAAACGAAAAAGATTGGGAAAGGTTAATCCATGGCACCGAAGCGCAAGAAGAGGA

GCAAGTCGAAGACTTCGAGGAGTGGCAACGCTCAATCCTCCTCCGTACAAAAGAAATACGCCAAC
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AACAGATCGACAGAGACACGCGAAAGCGATGTGGCGGGCTTTCTGCTTGCTCACGATGCCTTAACA

GCCTCACGCCGCAAGATTTCGACGCGGCGGCGAGATGGGCGGAACGCCAAGCTCGAAAACACGGC

GGCTATGACGCCGCCGAAAAACACTACCGCAGCGAAAACCGCTGCAATCCCTATTGTGGCTACAG

GGAACTACCAACCCAGAAAAGAGCCTTCAAAAAAGGAGCATGACGACAGGAA 

>ICBM5_gene_1 
MADKATSPTTVSKKDRDDFELHVRLLSRAGYKTAEARTIAWLRGPAGLQEMLAGVKVAS 

>ICBM5_gene_2 
MSAIAGALISGGASLLGGLFGRSSASKQQARQNEYNKPINIRKRAEEGGFNPLLWAGQGNIQMQPGPSG

IMGSAIANAGLALADGMSEQRQLDLERTKLKQDQERLDALIEKQTIRPKVGGIYAGSQQTPSVARAPGR

PLMNGAPQPGSAPVFNPPTEYNPIPDDGPRLQTKVMRSDGMTSADPENPAEMEGDWWTWAREGTFW

QNNNEILRRNTPETLHYKGRDALFPKMIDGARKAHKKAQEDFEKNPPKRRKLKGVNPNLNDKKW 

>ICBM5_gene_3 
MVMNMSKYQRPTNTRRESRTIAGRFRGGKLAPVMASAFRESESAILSQQVTYELDPIAGRMITPIMAELI

SVYVPVQAIDALKNPEEAYAGNTEVVRDKLLSGTPLFGLEDESEISKRLGVNPISVGGVKKVNEAARLA

HNCAVNFLRQRKYVNTVKLLADNMNVTPALISQTVLDRLNAVLDPEDRVNGAVQLDLGNVRMPVEG

VGVEYNAVPVTTPGWNDTENDRAADPHYFSDHAAGIRLAIASENGRPAVYAVGEGQNAGGISLTDFY

NAELMDSLVRQMRQIVDDNPEYGEEMVTRWAHGLSVDNGKTPWILHQSQQMFGNQFRRAMDGANL

DVAQSDMMQSLEFTVPVPPTELGGVVITFASVKPDETLGSQPHPFLSTTWEATNYVSDELARDPEAVTM

RHLNSDVPMVDEDTRALYIGHNGLKKAYISYGFNRHLDPTTVEAKTAIWQLEVPMSVTPESVIYPEDLD

HYPFADQLAEVCTYQVSSTATVRTPMVFGPTPVEELAQIETDNVFEDV 

>ICBM5_gene_4 
MQVNDAKRSVLLVGLNGGEVSVISADGEIIATEGVTAGRHKCSSWVPFMSNEGDELSFSGDVVPMVPN

GGRVRPMAYGPGQFESGANPDFVVTSADRMARELDHKIRGLDQTAKKVEARIAQLNNLAERAKTPVE

VAKEEKVDVIDDDDVSDVRSSGDDSDDTGPDFGAEKVGAE 

>ICBM5_gene_5 
MNDAPKKSNSGRKQSWLRAYARGLKGGTPKTLCESLRLWSIPQEQAQDVTKKTYLNAADGPMIWLGE

QIVKRMEKAGYPSRIFCGYRSPEQQDKEFAEGDSKARAYQSPHQFYEAVDIIHKTKAWNVSQDYWDTL

AAIVRVVEREYAIDLVHGYDWGWDSAHIEIALWRQVPKRQIGKTGSNYPPSPWEREQRFKELLPAVYA

AQHRP 

>ICBM5_gene_6 
MCSDLIHIDGQQFACRKCNECITARKNGWVARAMAEKAVTAETFSVTLTYNDATQESRDAAKTFEYR

HVKNWIKNLRRQIEYTTGQTGLLRYLVAGERGSDKGRCHWHVILFCNADILTLGKMTHWPSGKLAAD

RAEIITTGKRKKRINWSLWPYGFVSFQEPDQWGMEYALAYALKDQFNIVSAAGTAREAHVSRTSAGMF

RMSKKPPIGFPFLERKLNALDARGQLPVDLKIRVPDYKGYWYPTGAIREYMLDRLRISNELYKAQHGR

NAPQWTSLTRSVEQNEKDWERLIHGTEAQEEEQVEDFEEWQRSILLRTKEIRQQQIDRDTRKRCGGLSA

CSRCLNSLTPQDFDAAARWAERQARKHGGYDAAEKHYRSENRCNPYCGYRELPTQKRAFKKGA 
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d) List of supplementary files 

These files would have been too large to be included into the appendix, thus they can be found 

as supplementary files published either together with the corresponding paper (SI files S2-x) or 

in the Zenodo research data repository (SI files S4-x and S5-x): 
 
 
https://doi.org/10.1038/s41396-019-0362-7 

-  SI_file_S2-2_Cobaviruses_annots.xlsx 

-  SI_file_S2-3_Cobaviruses_genomes.txt 

-  SI_file_S2-4_Metagenomes.xlsx 

-  SI_file_S2-5_Biogeographical_distribution.xlsx 

-  SI_file_S2-6_VICTOR_distances.xlsx 

-  SI_file_S2-7a_code.txt 

-  SI_file_S2-7b_code.txt 

-  SI_file_S2-7c_code.txt 

-  SI_file_S2-7d_code.txt 

 
 https://doi.org/10.5281/zenodo.11221490 

-  SI_file_S4-1_Host_strains_Alejandre-Colomo.xlsx 

-  SI_file_S4-2_RAPD_gel_all.emf 

-  SI_file_S4-3_Isolation_Phages_selected_RAPD-PCR.csv 

-  SI_file_S4-4_VIRIDIC_heatmap_143assem.pdf 

-  SI_file_S4-5_VIRIDIC_sim-dist_table_143_assem.tsv 

-  SI_file_S4-6_Isolation_VIRIDIC_heatmap_94unique_complete.pdf 

-  SI_file_S4-7_Proteomic_tree_965_input_phages.csv 

-  SI_file_S4-8_Whole_proteomic_tree_round.pdf 

-  SI_file_S4-9_Whole_proteomic_tree.pdf 

-  SI_file_S4-10_Gene_annotations_ICBM_phages.xlsx 

-  SI_file_S4-11_VGC_4_VIRIDIC_heatmap.pdf 

-  SI_file_S4-12_VGC_4_VIRIDIC_cluster_table.tsv 

-  SI_file_S4-13_VirClust_heatmap_VGC25-VGC9.PDF 

-  SI_file_S5-1_Sulfiviruses_hosts_16S-ITS_tree_identity_matrix.csv  

-  SI_file_S5-2_Sulfiviruses_hosts_16S_tree_identity_matrix.csv 

-  SI_file_S5-3_Sulfiviruses_hosts_genomes_distance_table_GGDC.csv 

-  SI_file_S5-4_Sulfiviruses_genome_annotations.csv 
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- SI_file_S5-5_Sulfiviruses_complete_genome_maps.pdf 

- SI_file_S5-6_Sulfiviruses_hosts_plasmid_clustering_protein_heatmap_0.7_ 

distance.PDF 

- SI_file_S5-7a_Sulfiviruses_hosts_prophages_chromosomes_PHASTER.xlsx 

- SI_file_S5-7b_Sulfiviruses_hosts_prophages_plasmids_PHASTER.xlsx 

- SI_file_S5-7c_Sulfiviruses_hosts_prophages_plasmids_ProphageHunter.xlsx 
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