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Summary

Microbial life on earth is shaped by horizontal gene transfer (HGT) events, which them-

selves often are driven by genetic mobile elements (MGE). These events drive the evolution

of bacteria and archaea and have paramount ecological implications on all biomes of Earth.

By inducing heritable changes to the DNA content of bacteria and archaea, HGT blurs

phylogenetic boundaries and challenges existing classification schemes and nomenclature.

Even more, HGT events are not restricted to microbial organisms but influence MGEs as

well. In the age of next-generation sequencing, the analysis of interactions of MGEs with

their microbial counterparts and other forms of DNA exchange relies on highly sophisti-

cated bioinformatic tools and pipelines. In this dissertation, two exciting cases of HGT

are explored. Both cases challenge existing nomenclature and classification schemes and

highlight the need for dedicated bioinformatic pipelines. The archaeal plasmid pR1SE is

disseminated in self-encoded plasmid vesicles (PVs), which enables a virus-like lifestyle. In

Chapter 2, we describe the identification of 40 novel pR1SE-like plasmids, subsequently

termed archaeal plasmids of Haloarchaea potentially transferred in plasmid vesicles (apH-

PVs). We show their distribution and host range, explore their genetic organization, and

expand on the implications of their life cycles. Lastly, we establish that apHPVs genetically

link viruses and plasmids of archaea by facilitating the exchange of genes. In Chapter 3,

the current state of the art of bioinformatic analysis of HGT and MGEs is reviewed. Ad-

ditionally, the challenges with identifying gene transfer in extracellular vesicles (EVs) are

elaborated, and the approach presented in Chapter 4 circumvents these challenges. By

applying the developed pipeline to metagenomic datasets (Chapter 4), we shed light on

the composition of HGT mechanisms in the ocean and analyze the functional potential

of the genetic material transferred in EVs. Finally, we establish a novel nomenclature in

order to better describe the datasets analyzed.
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Zusammenfassung

Das mikrobielle Leben auf der Erde wird durch Ereignisse des horizontalen Gentransfers

(HGT) geformt, welche ihrerseits oft durch genetisch mobile Elemente (MGE) angetrieben

werden. Diese Ereignisse treiben die Evolution von Bakterien und Archaeen voran und

haben weitreichende ökologische Auswirkungen auf alle Biome der Erde. Da HGT vererb-

bare Veränderungen in der DNA von Bakterien und Archaeen verursacht, verschwimmen

phylogenetische Grenzen und bestehende Klassifikationsschemata und Nomenklaturen wer-

den in Frage gestellt. Darüber hinaus sind HGT-Ereignisse nicht auf mikrobielle Organ-

ismen beschränkt, sondern beeinflussen auch MGEs. Im Zeitalter des Next-Generation

Sequencing, ist die Analyse der Interaktionen von MGEs mit ihren mikrobiellen Gegen-

spielern und anderen Formen des DNA-Austauschs auf hochentwickelte bioinformatische

Werkzeuge und Pipelines angewiesen. In dieser Dissertation werden zwei interessante Fälle

von HGT untersucht. Beide Fälle stellen bestehende Nomenklaturen und Klassifikationss-

chemata in Frage und verdeutlichen den Bedarf an speziellen bioinformatischen Pipelines.

Das archaeische Plasmid pR1SE wird in selbstkodierten Plasmidvesikeln (PVs) verbreitet,

die einen virusähnlichen Lebensstil ermöglichen. In Kapitel 2 beschreiben wir die Iden-

tifizierung von 40 neuartigen pR1SE ähnlichen Plasmiden, die nachfolgend als archaeal

plasmids of haloarchaea potentially transferred in plasmid vesicles (apHPVs) bezeichnet

werden. Wir zeigen ihre Verbreitung und ihr Wirtsspektrum, untersuchen ihre genetische

Organisation und erläutern die Auswirkungen ihrer Lebenszyklen. Schließlich stellen wir

fest, dass apHPVs Viren und Plasmide von Archaeen genetisch miteinander verbinden. In

Kapitel 3 wird der aktuelle Stand der bioinformatischen Analyse von HGT und MGEs

besprochen. Darüber hinaus werden die Herausforderungen bei der Identifizierung von

Gentransfer in extrazellulären Vesikeln (EVs) erläutert, welche durch den in Kapitel 4 en-

twickelten Ansatz umgangen werden. Durch die Anwendung der entwickelten Pipeline auf

metagenomische Datensätze (Kapitel 4) beleuchten wir die Zusammensetzung von HGT-

Mechanismen im Ozean und analysieren das funktionelle Potenzial des in EVs übertra-

genen genetischen Materials. Schließlich führen wir eine neue Nomenklatur ein, um die

analysierten Datensätze besser beschreiben zu können.
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Chapter 1

General Introduction

When the vast complexity of life is to be studied by researchers, the need for practical

classification, helpful terminology and abstract concepts becomes evident. Generalizations

are crucial for a fundamental understanding of too-big-to-grasp systems, e.g., the biological

world. However, if the developed generalization does not reflect the details of the system,

the conventional theories, classifications or terminology must be addressed, not the least

because they often determine our hypotheses, our thinking and our future approaches to

the system. Carl Woese highlighted this need when he wrote to Ernst Mayr "A biological

classification is...an overarching evolutionary theory that guides our thinking and experi-

mentation, and it must be structured...to reflect evolutionary reality" (Woese 1998). Mayr

had argued that the morphological differences between eukaryotes and prokaryotes (archaea

and bacteria) were more fundamental than differences in ribosomal subunits (van der Gu-

lik et al. 2017), based on which Woese had proposed a three-domain model consisting

of eukaryotes, bacteria and archaea (Woese et al. 1990). By now, Woese’s classification

model has been widely accepted as the model that better reflects the evolutionary his-

tory of organisms. With the discovery of complex archaea of the superphylum (Spang

et al. 2015), the gap between archaea and eukaryotes seemed to be closed slowly. Sub-

sequently, proposals of a modern tow-domain system, with archaea and bacteria as the

fundamental domains, gained traction (Koonin 2015), (Raymann et al. 2015). While the

present work will not dare to deal with this specific fundamental question, the overarching

theme is shared: The discovery of novel mechanisms and entities challenges conventional

terminology (see Chapter 4) or classification schemes (see Chapter 2).

Nucleic acids are the genetic backbone of all living organisms. The vertical transmission

of DNA, i.e., the production of offspring with nearly identical genetic material, allows the

classification of organisms into operational taxonomic units (OTUs). Mutations, recombi-

nation events, and the transfer of genetic material between organisms, so-called horizontal

gene transfer, blur the lines between discrete OTUs (see Figure 1.1). One can surmise the

ecological and evolutionary implications of genomic flexibility: On one hand, changes to

the genetic potential of a species can increase the adaptability and, therefore, fitness of a

species to a changing environment. These changes in gene content seldom affect all organ-

isms within a population at once; for example, only a single cell might have acquired a

defense system against a specific parasite. The sum of all genes within a given population,

1



2 CHAPTER 1. GENERAL INTRODUCTION

including genes only found in a fraction of all organisms of the species, are considered the

pangenome of a species. In the described case, the single cell, well-equipped to deal with

the attack of a parasite, ensures the survival of the entire species. On the other hand, the

same changes are the driving force behind evolution (Acar Kirit et al. 2022). Species move

from one ecological niche to another, split into distinct populations (speciation), and, over

time, entire lineages develop. Therefore, the analysis of the genetic material is, next to

phenological analysis, the key to entangling the evolutionary history of an organism and

its role within a microbial community.

Figure 1.1: Horizontal gene transfer is a major mechanism that blurs the boundaries of
species (Doolittle 1999).

1.1 Horizontal Gene Transfer in Archaea and Bacteria

Horizontal or lateral gene transfer (HGT or LGT) is the movement of genetic material

between organisms other than through the vertical transmission of DNA. Evidence for HGT

events is present in nearly all prokaryotic genomes, demonstrating HGT’s fundamental

role in shaping the ’web of life’ itself (Soucy et al. 2015). Not all gene-sharing events

provide necessarily an adaptive benefit or are necessarily detrimental to the organism or its

population. Genes often are moved from a donor to a recipient by chance, thus it becomes

a stochastic selective process that determines which changes to the genome are stable and

might propagate through the population. Sequences that provide a positive effect will

be positively selected for, while negative and neutral effects will be outcompeted (Arnold

et al. 2022). The three main mechanisms of horizontal gene transfer are transformation

(the uptake of free environmental DNA by a cell), transduction (the transport of host DNA

in virus capsids) and conjugation (the direct transfer of DNA, e.g. plasmids, through direct

cell-to-cell contact or via pili) (Burmeister 2015). Additionally, there are an ever growing

number of non-canonical ways to transport DNA from one organism to another. HGT is

therefore driven - but not exclusively! - by a set of mobile genetic elements (MGEs). MGEs
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consist of a set of core genes and additionally carry auxiliary genes, potentially providing

their host with a selective advantage. One famous example of this is two dsDNA viruses1 of

the class Caudoviricetes that provide genes for two crucial proteins to their photosynthetic

host, Porchlorococcus sp.: the photosystem II core reaction center protein D1 (psbA) and

a high-light-inducible protein (hli) (Lindell et al. 2004). The lines between different MGEs

are intriguingly blurry since MGEs are defined by their set of core genes, which, as a result

of interactions with other MGEs or independent recombination events, change over time

(Koonin et al. 2021). Additionally, not all HGT is driven by MGEs: DNA received via

gene transfer agents or extracellular vesicles and the uptake of free environmental DNA

(transformation) are HGT-driving mechanisms outside of influence of MGEs but essential

pieces in understanding the flux of genes within a microbial community (Hall et al. 2020;

Soucy et al. 2015).

1.1.1 Transformation

Transformation describes the uptake of free DNA from the environment into the cell. The

presence of this DNA is the result of disintegrated cells, e.g. through lysis. The chro-

mosome and all secondary replicons get released and quickly break down into smaller

fragments due to the instability of longer DNA segments, which, depending on the or-

ganism, can be multiple megabases per cell. The smaller, fragmented DNA molecules are

relatively stable in the environment and can be taken up by transformable organisms, an

attribute also called ‘competence’. The competence of cells is determined by the presence

of two crucial proteins: a DNA-binding protein on the outside of the cell, so-called au-

tolysins, and nucleases. Within the population of a species, not all cells may take up DNA

(Johnsborg et al. 2007; Johnston et al. 2014). For example, cells of Acinetobacter species

are naturally competent and close to 100% may do so, while Bacillus are also competent,

but only around 20% of a population will be transformed (Brock et al. 2003). In Chap-

ter 4, this plays a crucial role since the goal in this chapter is to demonstrate the uptake

of DNA from extracellular vesicles. Therefore, the careful removal of free, environmental

DNA in preparation of the dataset is essential and could otherwise introduce biases in our

findings. In order to have a heritable, transformative effect, the absorbed DNA needs to be

incorporated into a replicon. This happens either via homologous recombination, using the

protein RecA, or site-specific recombinases and transposases, which require a site-specific,

short recognition site of a few bases (Arnold et al. 2022 and the references therein). The

recombination enables the receiving cell to express the newly gained genetic material. A

beneficial transformation might be selected positively for and spread in the population. An

alternative purpose of DNA uptake, outside of incorporating new genetic information, is

using transformed DNA as a carbon source (Finkel and Kolter 2001). The two purposes are

most likely not mutually exclusive, and the usage might depend on environmental circum-

stances. Indeed, not all transformation events lead to a genetic or even heritable change

in the uptaking cell, yet transformation plays a significant role in microbial evolution and

1Note: Traditionally, viruses infecting bacteria are called bacteriophages or phages in short. However, I

will avoid this terminology, since it excludes viruses infecting archaea, and instead refer to them as viruses

of archaea and bacteria, respectively.
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HGT in general.

1.1.2 Transduction

The exchange of genetic material via viruses, coined transduction, was first described for

Salmonella phage P22 (Zinder and Lederberg 1952). Since then, a plethora of transduction

events have been observed, involving hosts from all domains of life and a similarly diverse

set of viruses. Historically, two main transduction mechanisms were described: specialized

and generalized transduction. A third mechanism was recently established: lateral trans-

duction (Chiang et al. 2019) (see Figure 1.2). Regardless of the virus’s life cycle (lytic,

lysogenic or chronic, see subsection 1.2.1), the transduction mode depends on the assembly

of the viral particle, precisely the type of terminase responsible for DNA packaging into the

virus particle. Both types of terminases recognize a phage-specific packaging site (pac- or

cos-site), where it cleaves the DNA and begins the packaging process. Pac-type terminases

will detect when the carrying capacity of the virus particle is reached and cut the DNA

at a non-specific site (Rao and Feiss 2015), while cos-type terminases need to recognize a

second motif (cos-site) for the second cut (Feiss and Siegele 1979). Pac-type packaging is

typically associated with generalized transduction (Thierauf et al. 2009). Here, a homolog

to a pac-site, termed ‘pseudo-pac-site’, is detected by the phage on the chromosome or

other replicons and thus mistakenly packaged into the viral particle, resulting in a parti-

cle packaged completely with non-viral, microbial DNA. Such pseudo-pac-sites could, in

theory, be located all over the genome. Thus all parts of the host chromosome or its plas-

mids could be transduced, resulting in generalized transduction. For cos-type terminases

to mistakenly package microbial DNA, two cos-site homologs would have to occur at just

the right distance from each other. Therefore, cos-type packaging is less associated with

generalized transduction. Contrastingly, specialized transduction is more often associated

with cos-type packaging, although not exclusively. In specialized transduction, microbial

DNA is co-packaged with the viral genome into the virus particle. This only occurs with

genes adjacent to the integrated viral genome or when the excised viral genome recombines

with short microbial DNA fragments. Since the required erroneous excision or exosomal

recombination events are rare, specialized transduction is thought to be less frequent than

generalized transduction (Chiang et al. 2019). In contrast to both mechanisms, lateral

transduction does not result from an error in packaging but instead appears as a regular

part of the virus life cycle (Chen et al. 2018; Davidson 2018). Traditionally, the excision of

a virus happens shortly after induction, and the expression of the responsible Xis excision-

ase occurs very early in the virus life cycle. However, as shown by Chen et al., in temperate

viruses of Staphylococcus aureus, Xis-activity is delayed, and therefore, the excision of the

virus occurs later. At this point, the integrated viral genome has been replicated in situ

next to microbial DNA. Packaging is initiated at a bona fide pac-site, and multiple seg-

ments of DNA, first the viral, then host DNA is packaged into multiple capsids (Chen et al.

2018). The prevalence of this mechanism in other organisms needs to be clarified, espe-

cially for archaeal hosts and their integrated viruses. However, its efficiency and frequency

of transduction make it an essential case of horizontal gene transfer.
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Figure 1.2: Types of transduction. Generalized, specialized and lateral transduction are
shown. Blue - microbial chromosome, red - viral genome, triangles - cos/pac-packaging
sites. Adjusted from (Chiang et al. 2019).

1.1.3 Conjugation

The third classic way of horizontal gene transfer is conjugation. Generally, conjugation

describes the transmission of a genetic element, often a conjugative plasmid, from a donor

to a recipient cell via direct cell-to-cell contact. The proteins that make up the conjugation

apparatus are most often found directly on the plasmid being conjugated; e.g., the F plas-

mid of E. coli possesses a tra-region that encodes for the necessary proteins. In other cases,

the host domesticated the system, and the necessary genes are located on the main chro-

mosome (Brock et al. 2003). The cassette of proteins required consists of four components:

i) a pilus that establishes first contact between the donor and the receiving cell. ii) a type

V coupling protein iii) a T4SS protein complex that stabilizes the cell-to-cell contact and

enables the transfer of DNA across cell membranes, and lastly, iv) a relaxosome that nicks

and unwinds the DNA double-strand for cross-membrane transport (Beltran et al. 2023).

After receiving the plasmid, the cells’ surface receptors are altered so that they cannot

establish future cell-to-cell contact, which ensures that only one copy of the plasmid or

genetically similar plasmids are present in a cell. In archaea, conjugative plasmids have

been described for various Sulfolobus strains, most prominently in S. acidocaldarius and S.

islandicus (Grogan 1996; Prangishvili et al. 1998) and more recently for hypothermophilic

Euryarchaeota (Catchpole et al. 2023). Furthermore, metagenomic analysis revealed the

prevalence of homologs of the bacterial conjugation system in archaea (Krupovic et al.

2019). The group of archaeal plasmids described in Chapter 2 are non-conjugative, as

are many other plasmids of archaea. Nevertheless, conjugation remains a driving force of

HGT, and conjugative plasmids are a widespread and highly successful class of MGEs.
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1.2 Drivers of Horizontal Gene Transfer

1.2.1 Viruses

Viruses are the most prominent drivers of horizontal gene transfer. They are abundant

and highly diverse; newest studies estimate the number of virus particles worldwide at

1031 with over hundreds viral families and thousands of species (Gorbalenya et al. 2020).

Finding a precise and unambiguous definition for a class of highly diverse entities with many

combinations of characteristics has been challenging for over 70 years. Lwoff attempted a

first concise summary of what constitutes a virus in 1957. Key points of the definition were

their strictly intracellular nature, that they contained one type of nucleic acids, potential

pathogenicity and their inability to grow or undergo binary fission (Lwoff 1957). However,

this definition was challenged by the subsequent discovery of other MGEs that were virus-

like but also strikingly different. One example of this was the discovery of ‘viroids’, which

were distinctly smaller and without a viral capsid or viral particle whatsoever, but were

replicated similarly, existed without a metabolism and had a strictly intracellular lifestyle

(Diener and Raymer 1967). Over the following decades, multiple iterations of a concise

virus definition were attempted, always focussing on integrating the newest discoveries of

MGEs that were virus-like but did not adhere to the previous definition. Additionally,

the rate and methods of virus detection and identification changed with the advent of

next-generation sequencing and the development of ‘viromics’ (see subsection 1.4.1 and

(Simmonds et al. 2017)). The current definition of a virus, refined by the International

Committee on Taxonomy of Viruses (ICTV), defines viruses as follows:

"Viruses sensu stricto are defined operationally by the ICTV as a type of MGE that

encodes at least one protein that is a major component of the virion encasing the nucleic

acid of the respective MGE and therefore the gene encoding the major virion protein itself

or MGEs that are clearly demonstrable to be members of a line of evolutionary descent of

such major virion protein-encoding entities. Any monophyletic group of MGEs that

originates from a virion protein-encoding ancestor should be classified as a group of

viruses.”

- ICTV (Koonin et al. 2021; Kuhn et al. 2021)

In the same study, Koonin et al. introduce the compelling concept of the virosphere

within the general space of replicators. It is divided into two sub categories: the orthoviru-

sphere (true viruses) and the perivirosphere, a space surrounding the former. The authors

place other selfishly replicating MGEs in the vicinity of these two spheres, thus creating a

multidimensional concept that allows the placement of unique and exotic MGEs as well as

traditional viruses (see Figure 1.3).

There is great diversity among viruses that belong to the orthovirusphere, namely Mon-

odnaviria, Riboviria, Varidnaviria, Adnaviria, and Robzyviria (Dion et al. 2020). Examples

of the particles and genomic organization of a virus infecting archaea and a virus infecting

bacteria is given in Figure 1.4. The composition of the nucleic acids of the viral genome
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Figure 1.3: The replicator space, comprising the virosphere, which itself is divided into
the perivirosphere and the orthovirosphere. In the center of the latter, true ’quintessential’
viruses e.g. the first noncellular MGE identified Tobacco mosaic virus (TMV) are located.
Further outside, MGEs that partially have lost virus-defining characteristics and for which
the exact placements remains challenging (e.g. viriods). Outside of the virosphere, MGEs
that are selfishly replicating, hence are within the replicator space, but are devoid of viral-
like properties are located (e.g. plasmids, ICEs). Then, elements which are themselves not
selfishly replicating are found outside the replicator space. Organelles and organisms, are
not depicted for simplicity. Figure taken from (Koonin et al. 2021).
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(single-stranded (ss) DNA, double-stranded (ds) DNA, dsRNA, positive (+) ssRNA, nega-

tiv (-) ssRNA), the presence or absence of a lipid envelope surrounding the viral capsid, the

general morphology (helical, icosahedral, complex, pleomorphic), and lastly their lifestyle

(lytic, lysogenic, chronic) can all vary drastically (Brock et al. 2003). Crucial for the de-

scription of viruses as drivers of HGT is their ability to transport the genetic material of the

host in addition to their own genome within their capsid. This ability is closely connected to

their lifestyle. Viruses following a lytic or productive life cycle will actively translate their

genome, assemble virions and lyse their host in the process. Lysogenic viruses integrate

into the host genome or exist extrachromosomally, replicating their genome alongside the

host without producing new virions. In a chronic infection, the virus steadily produces viri-

ons without killing the host. Temperate phages can switch between a productive (chronic

or lytic) and a dormant, non-productive (lysogenic) life cycle (Howard-Varona et al. 2017).

Chronic infections were thought to be rare cases. However, recent studies reveal that such

constant, non-lytic infections are more prevalent than thought (Alarcón-Schumacher et al.

2022), an oversight caused by the methodology often used for virus discovery: chronic and

lysogenic infections are not always visible in traditional plaque assays, thus making lytic

infections way more likely to be identified experimentally. All types of active infections

pose the possibility of host genetic material being packaged into the virion. This could

either be genes directly associated with an integrated virus genome or random fragments of

mobilized DNA. The former is termed specialized and the latter generalized transduction,

both of which are commonly viewed as missteps, either in excision or packaging of the

virus genome (Chiang et al. 2019). Recently, a third form of transduction was described:

lateral transduction. Here, larger chunks of DNA are packaged at a higher rate into the

capsid, not as the result of a mistake but rather as a feature of the virus itself (Chen et al.

2018; Davidson 2018).

1.2.2 Gene Transfer Agents

Gene transfer agents (GTA) are morphologically similar to head-tail viruses. First iso-

lated from Rhodobacter capsulatus, electron microscopy images showed a capsid head of

∼30 nm and a longer tail of ∼50 nm (Lang et al. 2012, 2017). To date, multiple types of

GTAs have been identified: The mentioned RcGTA of R. capsulatus (see Figure 1.4 for

the genomic organization and particle structure), Dd1 in Desulfovibrio desulfuricans, VTA

in Methanococcus voltae, VSH-1 in Serpulina hyodysenteriae and BaGTA in the genus of

Bartonella (Marrs 1974; Matson et al. 2005; Zhao et al. 2009; Lang et al. 2012; Québatte

and Dehio 2019). All of them appear to be lytic, thus mimicking the life cycle of bacte-

riophages. However, contrary to viruses, the genetic material packaged inside the capsid

is not specifically the capsid-, tail- or replication-encoding genes that produce the GTA

particles, but rather random fragments of host DNA. The fragments packaged vary in size,

but the small capsid size limits the fragments to ∼4.5 kbp in the case of RcGTA (Bárdy

et al. 2020). The genes necessary for the production of GTA particles are located on the

host’s main chromosome, organized in clusters and subclusters, often spread out over the

chromosome. Genes encoding for a terminase, major capsid protein, tail tube proteins and
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proteinases are core proteins of GTAs and their closest homologs are their viral counter-

parts (Lang and Beatty 2000). Therefore, GTAs resemble a case of ‘domesticated’ viruses,

which lost their selfish replicator characteristics but provide a mechanism of horizontal

gene transfer for their host and, therefore, a fitness advantage for the population. For

example, BcGTA is believed to have increased the genomic diversity of the population by

inducing recombination events, thus increasing the adaptability to environmental changes

(Québatte and Dehio 2019). GTAs therefore cannot be considered selfish elements within a

replicator space, but rather a tool for HGT within a population, similar to the production

of extracellular vesicles (see subsection 1.2.4).

Figure 1.4: Overview of the drivers of horizontal gene transfer. (a) Head-tail structure
(credit: ViralZone.Expasy) and (b) genome map of bacteriophage P-SSP7. (c) Struc-
ture and d) genome map of Archaeal virus HRPV1. (f) Structure (Bárdy et al. 2020)
of Rhodobacter capsulatus gene transfer agent particles and (e) the corresponding genome
map. AT acetyltransferase, MBP membrane bound protein, TG transglycosylase, Pept
phage cell wall peptidase, TMP transmembrane protein, Hyp hypothetical, TAP tail as-
sembly protein, TTP phage tail tube protein, MTP phage major tail protein, HTJ head-tail
joining protein, GP6 gp6-like protein, MCP major capsid protein, Prot proteinase, PPP
phage portal protein. Figure created with biorender.com.

1.2.3 Plasmids

Plasmids are extrachromosomal replicons. In archaea and bacteria, they occur in linear or

circular form, and their size ranges from a few kilobases (Rozhon et al. 2010; Biet et al.

2002) to over two megabases (Hall et al. 2021; Almpanis et al. 2018), though typically

less than 5% of the size of a chromosome (Brock et al. 2003). Thousands of plasmids

are described in the prokaryotic world, predominantly on the bacterial side. In 1978, the
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first plasmid of Halobacterium salinarium was described, opening the door to the fasci-

nating world of archaeal plasmids and their crucial role in HGT (Prangishvili et al. 1998;

Wang et al. 2015). An example is given in Figure 1.5, where a genome map of the plas-

mid pKEF9 of Sulfolobus islandicus is shown. Plasmids are replicated in bacteria through

theta-replication or rolling circle replication (RCR) (Del Solar et al. 1998), while for archaea

additional replication mechanisms are known: replication initiation proteins, homologes to

eukaryotic CDC6/Orc1-like proteins, are either recruited from the main chromosome, or

directly found on the plasmid itself, and used for replication (Bell 2012; Erdmann et al.

2017). After replication, plasmids can occur in higher copy numbers than the corresponding

chromosome of the host (Friehs 2004), which influences the plasmid’s propagation. Plas-

mids with low copy numbers (<5), therefore rely on partitioning systems or toxin-antitoxin

(TA) systems in order to ensure that each daughter cell contains a copy of the plasmid

(Baxter and Funnell 2014; Díaz-Orejas et al. 2017). If the daughter cell does not receive

the complete set of toxin-antitoxin genes, the daughter cell is killed, thus ensuring only

plasmid-carrying cells are replicated. Additionally, conjugative plasmids are disseminated

by direct cell-to-cell contact, making plasmids main drivers of HGT (see subsection 1.1.3).

By definition, plasmids do not carry essential genes for the host to survive (Tazzyman

and Bonhoeffer 2015), however, there is growing evidence that this clear-cut definition is

inadequate (Harrison et al. 2010). Once again, nature does not follow strict definitions,

and elements appear as distinct entities, but instead on a spectrum of characteristics.

1.2.4 Extracellular Vesicles

Organisms of domains of life produce small (10-300 µm), spherical, membrane-derived ex-

tracellular vesicles (EVs) (Deatherage and Cookson 2012). Bacteria and archaea employ

several different mechanisms of EV formation. Since EVs are membrane-derived, EV for-

mation mechanisms seemingly correlate with cell wall composition; however, the underlying

biogenesis mechanisms, as do the associated genes, often remain unraveled. Like viral life

cycles, EV formation mechanisms can generally be categorized into destructive cell-lysing

and non-destructive blebbing mechanisms, with EV formation in archaea falling into the

latter category (Gill et al. 2019; Toyofuku et al. 2023). Different archaeal lineages use two

main machineries for EV formation. Most members of the DPANN superphylum, Thau-

marchaeota, Korarchaeota and Euryarchaeota employ homologs of the eukaryotic ESCRT

cell division system, and Thermoproteota and Asgardarchaeota employ homologs to bac-

terial FtSZ systems (van Wolferen et al. 2022). While the genes involved in EV formation

have been identified for some species, an extensive set of potential ‘marker genes’ has yet

to be established. The functions and interactions of extracellular vesicles are manifold. In

cell-to-cell communication, removal of toxic substances from within the cell, stimulation

of immune responses in eukaryotic cells in proximity, the transport of RNA or DNA and

as a supply of nutrients for the population, EVs are used whenever the host needs to dis-

seminate molecules, in a concentrated, protected way (Deatherage and Cookson 2012 and

the references therein). Particularly, EVs enable the transport of molecules in biologically

relevant concentrations, a distinct advantage over other secretion and transport systems
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(Toyofuku et al. 2023). The function of EVs is, therefore, closely coupled with their cargo.

Over the last decade, the transport of nucleic acids became the focus of environmental

studies. Biller et al. showed that two Prochlorococcus strains, one of the most abundant

bacteria in the oceans and likely the world, produce vast amounts of vesicles, which often

contain fragments of host DNA (Biller et al. 2014, 2017; Linney et al. 2021, 2022). Addi-

tionally, it was shown that these DNA fragments are taken up by other cells, providing an

inheritable genetic change to the recipient (Bitto et al. 2017; Grüll et al. 2018; Gill et al.

2019; Biller et al. 2022). Most recently, Hackl et al. demonstrated that EVs harbor novel

integrative MGEs termed ‘tycheposons’, once again manifesting EVs as major drivers in

HGT in the oceans (Hackl et al. 2023). Therefore, EVs are not mobile genetic elements or

other selfishly replicating entities, such as e.g. viruses, but rather a vehicle that mediates

the transfer of genetic material from one cell to another. Chapter 4 describes the first

analysis of public, previously virus-focused datasets from an EV perspective. In contrast,

section 3.3 describes the challenges of detecting EV-mediated horizontal gene transfer.

1.2.5 A special case: Plasmid Vesicles and ‘apHPVs’

In 2017, Erdmann et al. reported the discovery and successful isolation of a plasmid with

a curious set of characteristics. The ∼50 kbp circular plasmid pR1SE of the halophilic

archaeon Halorubrum lacusprofundi R1S1 (see Figure 1.5), was shown to be transferred

from one cell to another in membrane-derived vesicles (Erdmann et al. 2017). The trans-

port of plasmids inside extracellular vesicles has been reported before (Gaudin et al. 2014;

Altan-Bonnet 2016). What made this case so intriguing is that the plasmid itself encoded

several putative membrane proteins, which were detected to be present in the isolated

membrane vesicles. The resulting, plasmid-containing vesicles were more regularly shaped

in comparison to ‘typical’ EVs of the same organism. The vesicles were termed ‘plasmid

vesicles’ (PVs). Another exciting aspect of PVs was discovering that plasmid-free strains

could be infected with isolated PVs. An infected host would then start the production

of PVs, without an apparent lysis of the host cell, thus mimicking the viral lifestyle of a

chronic infection. Others have subsequently speculated on the evolutionary link PVs might

represent: Is it a plasmid that, over time, recruited membrane proteins in order to guaran-

tee further dissemination? Or is it, in fact, a new family of viruses, similar to pleomorphic

virus HHPV, which also infects halophilic archaea (Forterre et al. 2017)? In any case, it

questioned the existing nomenclature and filled another hole within the space of replicators.

Chapter 2 describes the metagenomic discovery of pR1SE-like elements, which were coined

‘apHPVs’, for archaeal plasmids of haloarchaea potentially transferred in plasmid vesicles.

apHPVs seem to be distributed globally, and a general genetic organization is conserved,

while the single proteins underwent strong diversification on a sequence level. Erdmann

et al. demonstrated that pR1SE was not only able to infect a plasmid-free strain but also

found multiple configurations of the plasmid where it had apparently picked up host mate-

rial. In Chapter 2 we found additional evidence for such a highly recombination-dependent

and ‘transducing’ lifestyle. Haloarchaea usually appear in hypersaline and sometimes psy-

chrophile environments, which naturally reduces the diversity of the microbial community
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since only very few specialists can thrive in such environments. For example, in the Antarc-

tic ‘Deep Lake’, where pR1SE was first isolated from, the majority of the community is

composed of very few haloarchaea species. apHPVs might, therefore, be a mechanism to

introduce a higher diversity in an otherwise relatively homogenous community, improving

its ability to adapt to changes. Others have already demonstrated widespread intergenera

gene-exchange in the same community (Tschitschko et al. 2018). Whether apHPVs and

apHPVs-like elements are the reason or the result of drastic genomic flexibility is not clear.

Nevertheless, apHPVs are strong drivers of HGT haloarchaea.

Figure 1.5: (a) Genome map of plasmid pKEF9 of Sulfolobus islandicus. (b-c) transmis-
sion electron micrographs of pR1SE plasmid vesicles (Erdmann et al. 2017). (d) Genome
map of plasmid pR1SE of Halorubrum lacusprofundi and (e) the generalized genome map
of apHPVs (Chapter 2). Figure created with biorender.com.

1.3 Interactions of Mobile Genetic Elements and HGT

Mobile genetic elements should be seen as agents with an interest in their own evolutionary

success instead of mere traits or passengers of their hosts. This opens up an interesting

perspective on the interactions of MGEs and interactions of MGEs and their environment

(Horne et al. 2023): ‘The enemy of my enemy is my friend ’ becomes all too applicable in

a world in which an MGE that provides an anti-viral defense system, will be kept by a

host, even if the maintenance of the MGE comes with a certain cost. The possibilities of

interactions are numerous (Koonin et al. 2020; Horne et al. 2023); therefore, we will focus

on some key cases with fundamental implications specifically for HGT.

Transposons enable the packaging of DNA in extracellular vesicles. As described

in subsection 1.2.4, extracellular vesicles can package and deliver DNA to a recipient cell.

However, the exact packaging mechanism remains unclear. While there is some evidence

that DNA closer to the origin of replication is packaged more frequently than other parts
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of the genome (Biller et al. 2014), no apparent bias in packaging has been identified.

In Chapter 4 we find that most of the DNA packaged inside EVs is either similar to

transposons or genes associated with genomic islands. We hypothesize that transposons

mobilize themselves and their surrounding genes, so-called passenger genes (Pál and Papp

2013), frequently making regions with high transposon activity stochastically more likely

to be packaged. From an evolutionary perspective, the linkage of an HGT mechanism,

such as EV-mediated DNA transport and the activity of MGEs is unsurprising, though

notable. Both work seemingly hand in hand to expand the pangenome of a community

without risking major changes to the conserved regions of a genome.

apHPVs could provide anti-viral defense systems to their host. The continuous

competition between organisms and parasites is one of the most ancient struggles of life

(Koonin and Dolja 2013). The inevitable emergence of such a competition is fundamental:

Without parasites, there is no stable existence of life (Szathmáry and Demeter 1987; Koonin

et al. 2017). A defenseless host, exposed to its inevitable parasites, is similarly unstable.

Thus, the emergence of anti-parasitic defense systems must be an ancient development

of life (Koonin 2016). The subsequent emergence of MGEs providing defense systems to

their host, described by Koonin et al. as ‘guns for hire’, leads to interesting and diverse

interactions between MGEs. In Chapter 2 we describe apHPVs, which provide a fully

functioning CRISPR-cas system to their host. For example, the apHPV ‘AOIO01000049.1‘

of Natrialab asiatica transports Type I-D CRISPR module, making this plasmid the perfect

‘mercenary’ for the host. In theory, if a virus infects the population of N. asiatica, cells

that contain the plasmid will have a significant fitness advantage. On the other hand, the

moment the infection is dealt with, the plasmid becomes an energetic burden to the host.

One can imagine how easily the interactions become interwoven and complex, even in such

a simple three-actor network.

1.4 Bioinformatic Detection of Mobile Genetic Elements

1.4.1 Bioinformatic Detection and Analysis of Viruses

Viromics - or viral metagenomics - is an established field of research within modern micro-

biology that focuses on the comprehensive study of viral communities based on sequence

data (Breitbart et al. 2002; Edwards and Rohwer 2005). Unlike traditional virology, which

typically isolates and studies individual viruses, viromics seeks to understand the diver-

sity, dynamics, and ecological roles of viruses by analyzing their genetic material within

complex environmental samples. Depending on the experimental goals, scientists may en-

rich their sample in viruses, e.g. by size fractionation. In order to analyze the resulting

pile of sequence data, virus-centric bioinformatic methods and programs were developed.

This included tools for virus discovery in metagenomes (Ren et al. 2017, 2020; Guo et al.

2021), virus genome annotation (Bouras et al. 2023), host prediction (Gregory et al. 2020;

Coutinho et al. 2021; Roux et al. 2023), lifestyle classification (McNair et al. 2012), virus

taxonomy (Meier-Kolthoff and Göker 2017; Aiewsakun and Simmonds 2018; Bin Jang et al.
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2019) and specialized assembly (Antipov et al. 2020) and binning tools (Johansen et al.

2022). Please note, that the tools listed here represent only a selection of tools. One of

the fundamental goals of viromics is the de novo discovery of viruses within metagenomes.

Over the years, standards and best practices for bioinformatic virus detection were es-

tablished (Roux et al. 2019). Viromics led to the discovery of thousands of novel viral

lineages in various environments and allowed ecological insights into communities which

were previously inaccessible by traditional methods. In Chapter 3, the various approaches

of state-of-the-art virus detection tools and potential future developments are discussed.

1.4.2 Bioinformatic Detection and Analysis of Plasmids

Similar to detecting novel viruses within metagenomic data, the reconstruction and de-

tection of plasmids requires the development of specialized bioinformatic tools. The ever-

growing number of large metagenomic datasets requires efficient, high-throughput work-

flows. Multiple approaches have been developed over time: reference-dependent workflows

(Royer et al. 2018), secondary sequence attributes (Schwengers et al. 2020) or neural net-

works trained on k-mer distribution and other genomic signatures (Krawczyk et al. 2018).

In Chapter 3 the different approaches and the workflows that apply them are described.

1.4.3 Detection of other Mobile Genetic Elements

The power of bioinformatic approaches for the detection of MGEs lies in their scalability.

Searching billions of sequences for a specific sequence signature enables researchers to find

‘the needle in the haystack’ more often than not. However, not all MGEs are similar,

so there is not one approach or tool to detect them. Most programs work for a specific

MGE or a specific family of MGEs. Exotic or recently identified MGEs in particular,

require a carefully curated custom workflow. However, even the sequences of extremely

closely related MGEs can vary drastically. For example, the proteins of apHPVs share only

around ∼25% amino acid identity (AAI) (see Chapter 2). Therefore, scientists develop

heuristics, evolution-aware sequence profiles and use metadata to detect their sequence of

interest (Pfeifer et al. 2021; Alarcón-Schumacher et al. 2023; Chapter 2). Nevertheless,

if the target sequence presumably ‘looks’ exactly like normal microbial DNA, all these

approaches become inherently unsuitable. This was the challenge tackled in see Chapter 4:

DNA transported in EVs looks just like host DNA, because it is host DNA. Detecting EV-

mediated horizontal gene transfer events in metagenomics data, required a combination of

specific data generation protocols and a novel approach. The development of this approach

is discussed in Chapter 3, while the resulting workflow, the application of the workflow to

large datasets and the resulting ecological implications are discussed in Chapter 4.

1.5 Aims of the Dissertation

Horizontal gene transfer is a fundamental feature of all forms of life. The different mech-

anisms and entities that drive the exchange of genetic material between organisms are

manifold. In this work, I aimed to illuminate one particular case of an HGT-driving entity
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(apHPVs) and one understudied and novel HGT-driving mechanism (EV-mediated transfer

of DNA). The discovery of the plasmid vesicle pR1SE in Hrr. lacusprofundi and its unique

set of characteristics filled a gap between viruses and plasmids. Therefore, the following

objectives were the center of Chapter 2:

1. Detection of pR1SE-like elements in public and specifically generated datasets.

2. Establishing a core set of proteins shared between the detected relatives.

3. Illuminating the functions of the established core set of proteins.

4. Analyzing the life cycle of pR1SE-elements.

5. Disentangling the plasmid/virus-like nature of pR1SE.

While EV-mediated HGT is an established mechanism, the scale and prevalence of this

transport mechanism is yet to be described. The following objectives are tackled in the

second and third chapters:

1. Reviewing existing plasmid and virus identification tools (Chapter 3) .

2. possible approaches to circumvent the ostensible impossibility of deciphering EV-

mediated HGT (Chapter 3).

3. Establishing the sequence space of the protected extracellular sequence space (Chap-

ter 4).

4. Identifying suitable methods to generate datasets from protected extracellular DNA

(Chapter 4).

5. Analyzing HGT coverage patterns (Chapter 4).

6. Semi-quantitative estimation of EV-mediated transfer events.
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disseminated in self-encoded plasmid vesicles 3 
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Abstract: Even though viruses and plasmids are both drivers of horizontal gene transfer, they differ 9 
fundamentally in their mode of transfer. Virus genomes are enclosed in virus capsids and are not 10 
dependent on cell-cell contacts for their dissemination. In contrast, transfer of plasmids most often 11 
requires the physical contact between cells. However, plasmid pR1SE of Halorubrum lacusprofundi is 12 
disseminated between cells, independent of cell-cell contacts, in specialized membrane vesicles that 13 
contain plasmid proteins. In this study we searched for pR1SE-like elements in public databases and 14 
a metagenomics dataset from Australian salt lakes, and identified 40 additional pR1SE-like elements 15 
in hypersaline environments worldwide. Herein, these elements are named apHPVs (archaeal 16 
plasmids of haloarchaea potentially transferred in plasmid vesicles). They share two set of closely 17 
related proteins with conserved synteny, strongly indicating an organization into different 18 
functional cluster. We find that apHPVs, besides transferring themselves, have the potential to 19 
transfer large fragments of DNA between host cells, including virus defense systems. Most 20 
interestingly, apHPVs likely play an important role for the evolution of viruses and plasmids in 21 
haloarchaea, as they appear to recombine with both of them. This further supports that plasmids 22 
and viruses are not distinct but closely related mobile genetic elements.  23 

Keywords: archaea, metagenomics, mobile genetic elements, plasmids, haloarchaea 24 
 25 

1. Introduction 26 
The genomes of bacteria and archaea are subjected to constant change. Vertical gene 27 

transfer and mutations allow the continuous adaptation of organisms to their 28 
environment. Horizontal gene transfer (HGT) events introduce additional flexibility by 29 
transferring larger segments of genetic material between organisms, sometimes even 30 
across domain borders [1, 2]. These events are most often driven by mobile genetic 31 
elements (MGEs). A plethora of MGEs such as viruses, plasmids, 32 
transposons,retrotransposons and gene transfer agents (GTAs) shape microbial 33 
communities at a fundamental level. Traditionally, these MGEs have been described as 34 
distinct entities. However, the discovery of elements that break traditional definitions, 35 
lead to the view of a more continuous sequence space [3]. 36 

In 2017 Erdmann et al isolated and characterized the ~50 kbp MGE, plasmid pR1SE 37 
of the halophilic archaeon (haloarchaeon) Halorubrum lacusporufundi R1S1 [4]. Plasmids 38 
are usually transferred between cells as unprotected DNA or by conjugation, requiring 39 
cell-to-cell contact. However, pR1SE is transferred by a mechanism that is more similar to 40 
the dissemination of viruses. Hrr. lacusprofundi produces extracellular vesicles (EVs) as do 41 
other haloarchaea [5]. Plasmid pR1SE, if present, is enclosed into EV-like structures, 42 
which then are taken up by plasmid-free strains, thus transferring pR1SE without direct 43 
cell-to-cell contact. While transfer of plasmids in EVs was observed previously in archaea, 44 
these plasmid-containing vesicles were found to contain exclusively host proteins [6]. 45 
However, pR1SE-containing EVs were shown to include pR1SE-encoded proteins that are 46 
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proposed to be involved in the formation of these vesicles. We consider them plasmid 47 
vesicles (PVs), as they can be used to infect a plasmid-free strain that subsequently 48 
produces PVs without cell lysis, thus mimicking the life cycle of a chronic viral infection 49 
[7]. Plasmid proteins included in PVs were not found to be homologous to any known 50 
virus capsid protein, and also did not show similarities to proteins involved in conjugation 51 
[4]. The ambivalent set of characteristics of pR1SE make it an intriguing case for the 52 
evolutionary trajectory of archaeal plasmids and viruses. 53 

Plasmid pR1SE was also found to integrate into the host genome, and incorporate 54 
and transfer large fragments of host genomic DNA [4], indicating that it could play a 55 
major role for the remarkable HGT described for the haloarchaeal host organisms [8]. 56 
Haloarchaea are known to exhibit secondary chromosomes and megaplasmids [9], and it 57 
has been hypothesized that pR1SE could be involved in the emergence of these additional 58 
replicons [4]. However, only one element with similarities to pR1SE, was detected in 59 
public databases by BlastP searches upon the discovery of pR1SE in 2017. Therefore, in 60 
this study, we used a hidden Markov model (HMM) based approach to discover pR1SE-61 
like plasmids. By analyzing metagenomes from Australian salt lakes and searching public 62 
databases, we identified a set of pR1SE-like elements. This enabled the description of the 63 
general genomic organization of the plasmid, leading to a better understanding of the 64 
functional roles of conserved proteins. We describe the core proteins in detail and offer 65 
hypotheses on the function of two distinct core gene clusters as well as the ecological and 66 
evolutionary impact of PV-mediated HGT.  67 

2. Materials and Methods 68 

2.1. Sampling of Australian salt lakes, DNA extraction and sequencing 69 
From December 2018 to January 2019 the sediment salt crust of eleven hypersaline lakes 70 
was sampled under the permission from the Department for Environment and Water, 71 
South Australia (Permission number: U26817-1) and the Department of Environment, 72 
Land, Water Planning, Victoria (Permission number: 1008945). Subsamples of 1 g dry-73 
weight sediment for each lake were used for DNA extraction, using the FastDNA™ SPIN 74 
Kit for Soils. DNA sequencing libraries were prepared (FS DNA Library, NEBNext® 75 
Ultra™) and sequenced (2 x 250 bp paired end, Illumina HiSeq2500, Rapid Mode) at the 76 
Max Planck Genome-Centre Cologne (Germany). The data have previously been 77 
described in Alarcón-Schumacher et al [10] and raw data are available at ENA-EMBL 78 
under project number PRJEB61734. Reads were trimmed with Cutadapt (v4.6) [11], 79 
removing low quality, short or unpaired reads (parameters: -q 30 -m 30). The remaining 80 
reads were assembled with metaSPAdes v3.13.1 [12]. 81 

2.2. Creation of pR1SE protein clusters 82 
Hidden-Markov-Model (HMM) profiles were generated for 6 open reading frames of 83 
pR1SE (ORF6, ORF8, ORF17, ORF21, ORF23, ORF24) as follows, also described in Figure 84 
S1. Input proteins (Table S1) were iteratively compared by BLASTp against the nr 85 
database of non-redundant proteins (accessed 18.04.2023) using diamond blastp [13]. 86 
Proteins with a bitscore above 50 and an evalue below 10⁻5 were downloaded. Sequences 87 
were aligned using mafft [14] (--localpair –reorder) and upon manual inspection of the 88 
alignment, proteins that introduced larger gaps in the alignment or extended the 89 
alignment on either side were removed. A coverage threshold was established (Table S1). 90 
Sequences that were removed in this step were added to an ‘accession blacklist’ and were 91 
not considered in further alignments. The following steps were done iteratively until no 92 
further proteins could be added to an ORF cluster: First, multiple sequence alignments 93 
were generated using mafft [14] with the –localpair –reorder flags. The resulting 94 
alignment was visually inspected. Proteins that extended over the edges of the original 95 
alignment or introduced large gaps within the alignment were removed and black-listed, 96 
in order to avoid the artificial inflation of the search space. Then, HMM profiles of the 97 
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alignments were generated using hmmbuild, part of the hmmer tool package (v3.3.2) [15]. 98 
The resulting profiles were then searched against nr using hmmsearch of the same 99 
package. Finally, hits above an ORF-dependent bitscore and coverage threshold (Table 100 
S1) were retrieved and added to the ORF cluster. After three (ORF6, ORF17, ORF21, 101 
ORF23, ORF24) or 5 (ORF8) iterations no further proteins could be retrieved and a final 102 
HMM profile was created. 103 

2.3. Detection of pR1SE-like elements (apHPVs) in public databases and metagenomes from 104 
Australian salt lakes 105 
Using the pR1SE protein cluster HMM profiles, the Australian salt lake contigs were 106 
searched for pR1SE relatives (hmmsearch, score according to Table S1). Contigs longer 107 
than 10,000 bp that showed at least three hits were selected for detailed analysis (N = 18). 108 
Similarly, all genomes associated with the proteins retrieved from the nr database when 109 
generating the HMM profiles were downloaded from NCBI, using the rentrez library 110 
(David Winter, https://CRAN.R-project.org/package=rentrez) and searched using the 111 
HMM profiles (hmmsearch, –score 50). Again, contigs longer than 10,000 bp that showed 112 
at least three hits were considered for detailed analysis (N = 63). Similarly, the IMG/VR 113 
database (v4.1 release Dec. 2022) [16] was searched for potential candidates. Contigs with 114 
at least five of six core genes were considered “complete” pR1SE-like elements. In total, 115 
40 pR1SE-like elements, in addition to the original pR1SE plasmid, were retrieved and 116 
from now on termed apHPVs (see Results 3.2) (Table S3). 117 
Host information of NCBI apHPVs was retrieved from NCBI. Host prediction for the 118 
apHPVs from Australian salt lakes was done using iPhoP 119 
(https://bitbucket.org/srouxjgi/iphop/src/main/, [17]) in predict mode. Circularity 120 
information of the contigs was either directly retrieved from NCBI or determined 121 
manually by searching for terminal repeats longer than 30 bp at both ends of the contig. 122 
Direct, palindromic or interspersed direct repeats were detected using the ‘Find repeats’ 123 
function in Geneious (Build 2022-08-18). Repeats >25 bp with a maximum of 1 mismatch 124 
were considered positive identifications.  125 

2.4. Identification of the apHPV core genes 126 
In order to identify core genes of apHPVs, we selected ten genes upstream of ORF6, all 127 
genes between and including ORF6 and ORF24, and the 10 genes downstream of ORF24 128 
of each contig, if present. This yielded a total of 1784 protein sequences, which were 129 
clustered at 15 % sequence similarity, using psi-cd-hit with the parameter -c 0.15 [18]. 130 
Protein clusters which recruited proteins from at least 37 plasmids (>90 % of the 41 131 
apHPVs), were considered “core” genes. Clusters that recruited from between 50 % and 132 
90 % of plasmids (at least 21) were considered “shell genome” and clusters that recruited 133 
from between 10 % and 50 % (at least 5) were considered “cloud genome”. Core, shell, 134 
and cloud genome form, together, the pangenome. Protein alignments to calculate the 135 
pairwise amino acid identity of apHPV homologs of core proteins were computed using 136 
MUSCLE [19] with default parameters.  137 

2.5. Phylogenetic analysis 138 
A distance matrix of the 41 apHPVs was calculated using the presence and absence of the 139 
pangenome using the ‘hclust’ function with the ‘average’ method in R. Based on this 140 
matrix, a phylogenetic tree was constructed using the ‘ggtree’ R library [20]. A second tree 141 
was calculated based on the host genomes of the plasmids. This was done by calculating 142 
an all genome alignment using the ‘gtdbtk classify_wf’ command, part of GTDB-Tk v2 143 
suite [21] with standard parameters, which was converted into a distance matrix using the 144 
IQ-TREE webserver [22] with the parameters ‘-bb 1000 -alrt 1000’. The tree was visualized 145 
using ‘ggtree’. 146 
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2.6. Gene sharing network of apHPVs, archaeal viruses and archaeal plasmids 147 
First, the following search query was used in order to retrieve archaeal plasmids from 148 
NCBI: ‘"archaeal"[Organism] OR "Archaea"[Organism]) AND "plasmid"[Filter] NOT 149 
"shotgun"[All Fields] NOT "MAG"[All Fields]’ (date of retrieval: 22 Sep 2023). Plasmids 150 
between 20 kbp and 70 kbp were selected for detailed analysis. This yielded 134 archaeal 151 
plasmids, which were used as the input for vConTACT2 [23], together with all complete 152 
apHPVs. Parameters were set to ‘--rel-mode ‘Diamond’ --db 'ArchaeaViralRefSeq207-153 
Merged' --pcs-mode MCL --vcs-mode ClusterONE’. The network was visualized with 154 
flourish.studio (https://flourish.studio/). Sequences in the cluster that contained both viral 155 
and plasmid-like elements (see Figure 4, top left), were analyzed using VirSorter2 [24] 156 
with default parameters. Sequences that scored >0.9 and showed more than 3 viral 157 
hallmark genes were considered viral.  158 

2.7. Functional Annotation of apHPV genes 159 
Open reading frames were predicted using prodigal 160 
(https://github.com/hyattpd/Prodigal, [25]) using the metagenomic flag -p meta. 161 
Functional annotation was done using DRAM 162 
(https://github.com/WrightonLabCSU/DRAM, [26]) with the following parameters: –163 
prodigal-mode meta –min-contig-size 10000. Protein sequences were searched against the 164 
NCBI nr database of non-redundant proteins, using diamond blastp 165 
(https://github.com/bbuchfink/diamond, [13]) and the following parameters: --max-target-166 
seqs 3 --evalue 0.00001 --fast. Lastly, proteins were also searched against a set of databases 167 
(CDD, COILS, Gene3D, HAMAP, MOBIDB, PANTHER, Pfam, PIRSF, PRINTS, PROSITE, 168 
SFLD, SMART, SUPERFAMILY and NCBIFAM) using InterProScan [27] with default 169 
parameters.  170 
In addition to the aforementioned annotation steps, the protein structures of seven 171 
representatives of ORF8, ORF9, ORF17, ORF21, ORF23 and ORF24 were predicted and 172 
searched against protein structure databases, using the Foldseek web server [28] (Table 173 
S2). Since the web server only allows for proteins shorter than 400 amino acids (aa), in 174 
cases where the protein was longer than 400 aa, it was manually split into an N-terminal 175 
and an C-terminal part, each consisting of 400 aa. Protein structures were searched in 176 
3Di/AA mode. For each protein, the two best hits (ranked by a low evalue and high 177 
Foldseek probability value) with an available annotation were selected, preferably from 178 
the AFDB50 database. Structures of ORF7 and ORF25, and their homologs, were 179 
downloaded from the AlphaFold protein structure database (https://alphafold.ebi.ac.uk/). 180 
For ORF6 homologs, the protein structures were predicted using Alphafold 2 [29] as 181 
protein monomers. Protein structures were visualized with open source PyMOL(TM) 182 
Molecular Graphics System, Version 2.2.0 (L. DW. The PyMOL molecular graphics 183 
system. http://www.pymol.org/. 2002). Structural predictions were manually inspected 184 
and low-confidence regions were removed (pLDDT < 50). Subsequently, selected models 185 
were used for structural similarity comparison with DALI [30]. 186 

2.8. Identification of Cluster of orthologous groups (COGs) 187 
The functional potential of two sets of genes were compared against each other: Set 1 was 188 
comprised of apHPV genes outside of the core-region (from ORF6 to ORF25), and set 2 189 
contained genes of 993 whole haloarchaeal genomes, retrieved from NCBI (NCBI genome 190 
site, filtered for taxon ‘183963’, Halobacteria). Genes were compared by BLASTp against 191 
the COG database (version 2020, access 10.01.23) [31] using diamond blastp with an evalue 192 
cutoff of 10-5. Each gene was assigned to one or more COG categories, resulting in 193 
functional profiles for the two sets of genes. For each category a relative abundance was 194 
calculated as follows: 195 ���(���) = ( ), 196 
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where �  is the number of hits per category and � ( ) is the total number of hits 197 
for this category. Then, the difference of relative abundances was calculated per 198 
category: 199 ���� =  ���(�����) −  ���(ℎ���). 200 

2.9. Detection of antiviral defense systems and anti-CRISPR proteins in apHPVs 201 
Antiviral defense systems were identified using the PADLOC webserver with the 202 
corresponding PADLOC database (v2.0.0) [32]. Detected defense systems for each apHPV 203 
are listed in Table S3. Anti-CRISPR proteins (arcs) were detected by diamond blastp 204 
searches of the apHPV proteins against the Anti-CRISPRdb (version 2.2) [33]. 205 
Additionally, the core regions (between ORF6 and ORF25) of all apHPVs were searched 206 
for matches against the IPhoP CRISPR-spacer database with blastn with default 207 
parameters. Hits with >97 % identity and length >30 were considered to be positives.  208 

2.10. Number of plasmids per class 209 
In order to calculate the number of plasmids per haloarchaeal class, NCBI was searched 210 
with the following search-query: “"archaeal"[Organism] OR "Archaea"[Organism]) AND 211 
"plasmid"[Filter] NOT "shotgun"[All Fields] NOT "MAG"[All Fields]”. This yielded 1134 212 
plasmids for which the taxonomy was fetched. The number of genomes on GTDB for each 213 
class was retrieved through the built-in tree-browser 214 
(https://gtdb.ecogenomic.org/tree?r=p__Halobacteriota). On the day of retrieval (22 Sep 215 
2023), the number of genomes were: Archaeoglobi (71), Halobacteria (750), 216 
Methanobacteria (559), Methanococci (61), Methanomicrobia (311), Thermococci (141), 217 
Thermoplsamata (801), Thermoprotei (122).  218 

3. Results 219 

3.1 Selection of core proteins of pR1SE 220 
In order to detect pR1SE-like elements in public databases and in our own dataset of 221 
metagenomes from Australian salt lakes, HMM profiles of six proteins of the original 222 
pR1SE were created. The proteins selected for this search - ORF6, ORF8, ORF17, ORF21, 223 
ORF23, ORF24 - were detected in pR1SE-containing vesicles (PVs) and were suggested to 224 
be structural proteins of PVs. For each of the six ORFs a homolog was detected in 225 
Halorubrum saccharovorum, Haloterrigena turkmenica and Halopiger xanaduensis, resulting in 226 
a protein set that was used to create the respective HMM profiles as described in the 227 
methods section 2.2..  228 

3.2 Identification of forty complete pR1SE-like mobile genetic elements using an HMM based 229 
approach 230 
Using the HMM profiles of the core proteins, 40 complete (at least five proteins present) 231 
pR1SE-like entities were detected. Additionally, 38 ‘incomplete’ pR1SE-like elements 232 
were detected with a minimum of 3 of the 6 proteins detected (Table S3). Of the 40 233 
complete pR1SE-like entities, 35 were retrieved from NCBI, while 5 additional contigs 234 
were detected in metagenomes of Australian salt lakes [10], and none could be detected 235 
in the IMG/VR database. We will refer to the detected pR1SE-like entities as apHPVs, for 236 
archaeal plasmids of haloarchaea potentially transferred in plasmid vesicles, while ‘H’ can 237 
be replaced by the abbreviation for the host (e.g. HR for Halorubrum; apHRPV1 for pR1SE) 238 
as common for virus names.. The 40 apHPVs originate in hypersaline environments from 239 
all around the world, e.g. salt lakes, salt mines, salted food or marine solar salterns. More 240 
than half (26) were found as part of plasmids with a size below 100,000 bp, twelve on 241 
plasmids between 100,000 bp and 500,000 bp and two were integrated in secondary 242 
chromosomes (766 kbp and 596 kbp respectively) and one was integrated into a main 243 
chromosome (3.7 mbp). For 23 out of 41 apHPVs the respective contigs were circular, 244 
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either by NCBI annotation or by our analysis (see Methods section 2.3.). The average GC 245 
content ranged from 57.6 % to 64.8 %. The apHPVs and incomplete relatives are listed in 246 
Table S3.  247 

3.3. apHPVs exhibit two highly conserved gene clusters interspersed by a variable region 248 
All complete apHPVs are organized into two gene clusters (Figure 1). Both gene clusters 249 
contained proteins used for the search and additional ORFs conserved across the majority 250 
of apHPVs, that we define as core proteins of apHPVs. ORF numbers are referring to the 251 
original pR1SE annotation (accession KX687704.1). Gene cluster 1 contains ORF6-9 and 252 
gene cluster 2 contains ORF17, ORF21, ORF23-25. The synteny of genes within a cluster 253 
and the order of the two gene clusters was conserved in all identified complete apHPVs. 254 
However, the region between the two clusters (between ORF9 and ORF17) was highly 255 
diverse, consisting of  three to eleven genes that were rarely shared between different 256 
apHPVs (Figure S2). Interestingly, all of the 38 ̀ incomplete’ pR1SE-like elements, detected 257 
in our search, contained either genes from cluster 1 (34) or genes from cluster 2 (3), with 258 
only one contig containing ORFs 6 to 8 and ORF17 259 
(Gairdner_NODE_4298_length_11003_cov_3.762240).  260 

 261 
Figure 1. Generalized genome map and cluster analysis of proteins belonging to the core, shell 262 
and cloud genome of apHPVs. On top, a generalized genome of apHPV is shown, with a flexible 263 
region between two conserved gene clusters and flexible regions surrounding this core region. 264 
Below, the genome of the original pR1SE (KX687704.1) is drawn, where the core proteins, identified 265 
in >90% of all apHPVs, are highlighted. Below a presence-absence plot of protein clusters (columns) 266 
in different apHPVs (rows) is presented. Note, that the homologs of ORF6, ORF8, ORF9, ORF21 and 267 
ORF24 did not cluster at the selected threshold (15 % AAI), but were split into multiple clusters and 268 
were collapsed for better visualization. An expanded view of the ‘core proteins’ is given in Figure 269 
S3.  270 

 271 
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3.4. Phylogeny and host association of apHPVs 272 

All apHPVs were identified in species belonging to the class Halobacteria, of the order 273 
Natrialbales (n = 18), Haloferacales (n = 9) and Halobacteriales (n = 11). Detailed taxonomic 274 
information is given in Table S3 and family rank is indicated in Figure 2. Host information 275 
was retrieved directly from NCBI if possible. For metagenome derived sequences, for 276 
which host information was not available, hosts were predicted using IPhoP. For three of 277 
the five metagenomic sequences, a host could not be predicted (Table S3). A cluster 278 
analysis of the apHPVs was calculated based on the presence and absence of genes in the 279 
cloud genome (present in more than 10 % of all plasmids) of each apHPV (Figure 2). 280 
Interestingly, we found two examples of 2 different apHPVs co-existing in the same host, 281 
Halorubrum saccharovorum DSM 1137 and Halorubellus salinus GX3 (Table S3).  282 
 283 

  284 
 285 

Figure 2. Cluster analysis and additional features of complete apHPVs. The tips of the branches 286 
are labeled according to the host associated with the plasmid (taxonomic rank: family). Country of 287 
origin is indicated in the second column. Circularity and the identified putative replication gene are 288 
shown in the columns to the right. CDC6 - CDC6/ORC1-like protein, MCM - Minichromosome 289 
maintenance complex. 290 
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3.5 Replication of apHPVs 291 
The plasmid pR1SE contains two proteins that might be responsible for plasmid 292 
replication. ORF1 encodes a predicted RepH plasmid replication protein and ORF29 an 293 
CDC6/ORC1-like protein that is commonly involved in initiation of replication of 294 
haloarchaeal chromosomes and plasmids [34]. We searched the newly discovered 295 
apHPVs for proteins involved in replication. For 33 of 41 plasmids a potential replication 296 
protein was found close (+/-10 ORFs up- or downstream) to the core region (Figure 2). 297 
Most commonly, proteins belonging to the minichromosome maintenance complex 298 
(MCM) were identified (n = 20). A CDC6/ORC1-like protein was detected on ten apHPVs. 299 
In two cases, a HNH endonuclease and a recombinase was found close to the core region. 300 
For seven apHPVs no obvious candidate for a replication protein was detected. Potential 301 
origins of replication (direct repeats, interspersed direct repeats or palindromic repeats of 302 
at least 25 bp) were detected in 16 plasmids, either directly before ORF6 or just after 303 
ORF25. None of the newly identified apHPVs exhibits a homolog to ORF1 of pR1SE. 304 
About ~100 aa (aa340-440) of the predicted tertiary structure of ORF1 shows good 305 
alignments with DNA binding proteins (transcriptional regulators, helicase, chromosome 306 
partition protein, CDC6/Orc1-like), indicating that it could indeed be DNA binding and 307 
involved in plasmid replication. 308 

 3.6. Core genes and their predicted functions 309 

A total of ten genes were conserved in nearly all (>90 %) plasmids which were therefore 310 
considered as the core genome of apHPVs (Table 1 and Figure 1). All of the protein 311 
products of the core genes, except one (ORF25), were detected as potentially structural 312 
proteins in PVs. However, their role in the generation of PVs remains unknown. ORF7 313 
was consistently (amongst all apHPVs) annotated as a S8 family serine peptidase based 314 
on conserved domains as reported previously [4]. However, all other ORFs showed no 315 
similarity to known proteins on amino acid sequence level, or very inconsistent results 316 
across homologs of different apHPVs. Therefore, we used the predicted tertiary structures 317 
[29] and searched for related structures in public databases [25, 27] (see method section 318 
2.7.). This approach confirmed the annotation of ORF7 as a subtilisin-like serine protease, 319 
because the structures of ORF7 and apHPV homologs consistently hit subtilisin-like serine 320 
protease homologs. ORF8 and its homologs in other apHPVs, best aligned (~aa 1 - 180, see 321 
Figure S4) with the structure of Necrosis and Ethylene inducing Protein 1 (NEP1). 322 
Predicted structures of ORF9 homologs were very poorly resolved (pair-wise AAI of ~18 323 
%), leading to inconsistent hits, however, best hits included S-layer proteins (~aa 30 - 200) 324 
and Spore coat protein CotH (IPR014867). The N-terminus of ORF23 (aa 50-150) and its 325 
homologs consists of eight beta strands forming two putative beta sheets, and hits putative 326 
pilus assembly proteins (Type II and Type III secretion system) and TonB receptor 327 
proteins. The predicted structures of ORF25 and its homologs align (aa 135 – 565) best 328 
(RMSD values between 4-5) with components of the Type VI secretion system (VirB4) and 329 
the bacterial conjugation protein TRWB, but also with HerA (RMSD 5.0) [35] and genome 330 
packaging NTPase of Sulfolobus turret icosahedral virus 2 [36] (RMSD 2.7). Different 331 
apHPV homologs of ORF17 yielded inconsistent hits. Best alignments were against Ricin 332 
B-type lectin, PKD, SH3 and UNBV_ASPIC domain-containing proteins. For ORF21 and 333 
ORF24 no homologs, neither on a sequence nor on a structural level were found.  334 
      335 
ORF6, the largest conserved protein, was previously proposed to be one of the major 336 
structural proteins in PVs. Surprisingly, ORF6 proteins presented a relatively low 337 
sequence similarity (pairwise AAI ~18.3%) and high variability. While ORF6 of pR1SE has 338 
a WD40 domain (IPR001680) at the N-terminus (Figure S5), this domain was present in 339 
only ~56% of the predicted structures of ORF6 homologs. Meanwhile, the other fraction 340 
presented variable N-terminal domains, often in the form of extended arrays of 341 
antiparallel beta sheets (Figure S6). On the other hand, the C-terminal domain of ORF6 342 
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homologs was highly conserved, composed of multiple arrays of antiparallel beta sheets 343 
facing each other (Figure S7), that likely form the hydrophobic core of the protein. 344 
Homology search against protein structure databases using Foldseek and DALI, revealed 345 
this array to be unique to ORF6-like proteins, as no matches with similar folds to the whole 346 
array were obtained. Significant matches to smaller subsections of the C-terminal domain 347 
include a chromosome condensation regulator RCC1 (A0A2Z4FI68; score 141) and a pair 348 
of lipoproteins of bacterial origin (UniProt F3ZI24 and A0A1H8ZS84; score 130 and 128 349 
respectively). Despite the high degree of structural conservation among C-termini of 350 
ORF6 homologs, their function remains unknown. 351 

Table 1. Core genes of apHPVs. A detailed list of structural homologs is given in Table S2. 352 

ORF No.1  Pairwise AAI2 Best hit 
Method of 
annotation 

ORF6 18.3 % - AlphaFold/DALI 

ORF7 29.1 % 
subtilisin-like serine 

protease 
foldseek/AlphaFold/

DALI 

ORF8 23.8 % 
Necrosis and ethylene 

inducing protein 1 foldseek 

ORF9 17.5 % S-layer / Big6 / CotH foldseek 

ORF17 34.2 % 
PKD/SH3/Ricin B-

type lectin / 
UnbV_ASPIC 

foldseek 

ORF21 26 % - foldseek 

ORF23 31.5 % 
pilus assembly 
proteins / TonB 

receptor proteins 
foldseek 

ORF24 23.9 % - foldseek 

ORF25 41 % 
VirB4 / helicase / 

genome packaging 
ATPase 

foldseek/ 
AlphaFold/DALI 

1 According to the original annotation of pR1SE (accession KX687704.1) and homologs in other 353 
apHPVs.  354 
2 Based on a protein alignment of all homologs of a respective ORF in detected complete apHPVs.  355 

3.7. Transfer of host genetic material by apHPVs 356 

Plasmid pR1SE was shown to integrate into host chromosomes or other replicons. Upon 357 
excision, it often included host genomic material, resulting in pR1SE derivatives with 358 
variable extensions [4]. Three of the novel apHPVs were also found integrated into long 359 
replicons (>500 kbp), while the remaining 38 entities were found on plasmids ranging 360 
from 44 kbp up to 271 kbp. The core region (gene cluster 1 and 2, and the flexible region 361 
in between) of apHPVs ranges from a minimum of 18 kbp to 44 kbp (Figure 1, Figure S2), 362 
the plasmids carrying the core region are up to eight times larger than the respective core 363 
region. We analyzed the additional genetic material and found that it often matched host 364 
sequences with up to 100% identity. Comparing the functional profile of transported (non-365 
core) regions of apHPVs in comparison to haloarchaeal genomes, revealed that apHPVs 366 
contain significantly higher amounts of genes associated with replication, recombination 367 
and repair, defense mechanisms, the mobilome (including transposases and viral-like 368 
genes), transcription, cell motility and cell cycle and control (Figure 3). In contrast, genes 369 
related to metabolism and translation are present much rarer in apHPV associated 370 
genomic information. 371 
 372 
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 373 
Figure 3. Functional profile of apHPV-transported genes in comparison to host genes. The 374 
difference between the percentages of genes associated with one COG category, for two sets of 375 
genes: Genes from 993 halobacterial genomes and genes from 38 apHPV non-core regions, 376 
excluding 3 apHPVs which were integrated into larger replicons (see methods section 2.8.). Positive 377 
values indicate an increased relative abundance of this COG category in apHPVs, while negative 378 
values indicate the increased relative abundance of this COG category in haloarchaeal genomes. 379 

3.8. Antiviral defense systems and anti-CRISPR proteins on apHPVs 380 

In sixteen of the 38 complete, non-integrated apHPVs a putative antiviral defense system 381 
was identified. The defense systems were located adjacent or very close (+/- 10 ORFs up- 382 
or downstream) to the core region (Table S3). Among the systems detected were CRISPR-383 
Cas systems [37], cyclic GMP-AMP type systems [36, 37], a complete phosphorothioation 384 
modification module [40, 41] and other defense systems (e.g. restriction modification 385 
systems) [30, 38]. Only one apHPV (AOID01000019) contained an anti-CRISPR protein 386 
(AcrIIA7, WP_081009421.1), notably within the core region of that apHPV. Conversely, 387 
searching the core-regions for CRISPR-spacer hits revealed that seven out of 41 apHPVs 388 
are targeted by CRISPR-systems of haloarchaea. Most often (6 out of 7) apHPVs were 389 
targeted by a close taxonomic relative of their host organism, and in one case the host was 390 
targeting its own intracellular apHPV.  391 

3.9. Clustering of apHPVs with archaeal plasmids and archaeal viruses 392 
        393 
While the pR1SE plasmid showed a virus-like life style, being transferred in virus-like 394 
particles, no virus-like genes, e.g. genes encoding for virus capsid proteins, could be 395 
identified on the plasmid, not even through analysis of predicted tertiary structures. To 396 
determine the positioning of apHPVs between viruses and plasmid, we generated a gene 397 
sharing network between archaeal plasmids, archaeal viruses and the discovered apHPVs 398 
(Figure 3). This resulted in clusters composed of either only viruses, only plasmids or only 399 
apHPVs, in all but one case. One cluster containing archaeal virus BJ1 and Halorubrum 400 
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phage CGphi46 amongst others also contained sequences labeled as plasmids in public 401 
databases. However, we found these sequences to be of viral origin using viral prediction 402 
tools (see method section 2.6., score >0.9 with at least 3 viral hallmark genes). apHPVs 403 
clustered into a single large cluster, with connections to both a cluster of haloarchaeal 404 
viruses and a cluster of haloarchaeal plasmids. The genes shared between apHPVs and 405 
the other sequences were found to be outside the core region. 406 

 407 

  408 
Figure 4. Gene sharing network between archaeal plasmids, archaeal viruses and apHPVs. The 409 
mixed cluster of viruses and plasmids (top left), was found to be exclusively viral with some virus 410 
genomes mistakenly classified as plasmids. apHPVs share non-core genes with both a viral cluster 411 
and haloarchaeal plasmids. 412 

4. Discussion 413 
Upon discovery of pR1SE only one other organisms with similar proteins could be 414 
detected in public databases [4]. Our database search using HMM profiles of six pR1SE 415 
proteins revealed at least 41 full length apHPVs (including pR1SE) and a number of 416 
contigs that represent partial apHPVs, evident of pR1SE being more widespread rather 417 
than being a single case of a non-conjugative, vesicle forming plasmid. The apHPVs seem 418 
to be restricted to archaea belonging to the class of Halobacteriales and were found in 419 
hypersaline environments all over the world.  420 

The genetic organization of the ‘core region’ in two syntenic gene clusters is conserved 421 
among all complete apHPVs. The core region contains all proteins that were detected as 422 
potential structural proteins in PVs, indicating that other apHPVs could also be capable 423 
of PV formation. However, whether all of the detected plasmids indeed disseminate via 424 
self-encoded plasmid vesicles will require experimental verification. We also identified a 425 
significant number of apHPV-like entities that contain only one of the clusters with the 426 
majority containing the first cluster (ORF6-ORF9). These could be remnants of inactive 427 
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integrated apHPVs. Similar to integrated defective proviruses they likely have an 428 
advantage for the host, otherwise the regions would not be maintained. 429 

The region between the two conserved gene clusters of the core is very flexible and differs 430 
between apHPVs, not only in size but also gene content. Both virus and plasmid genomes 431 
are often organized in modules that have different functions [43, 44]. Plasmid genomes 432 
usually have modules that are responsible for plasmid replication and maintenance, and 433 
modules that are required for plasmid transfer. Both gene clusters of the core region 434 
contain proteins that were identified as structural proteins in PVs by mass spectrometry, 435 
therefore, we previously suggested that both clusters are involved in PV formation and 436 
plasmid dissemination [4]. However, the clear organization into two clusters, interspersed 437 
by a variable region, might indicate that the two clusters have distinct functions. 438 

A conserved module for plasmid replication could not be identified on apHPVs. Instead, 439 
the majority of the apHPVs encode for either a CDC6/ORC1 or a MCM helicase, that have 440 
most likely been acquired from a host genome. Haloarchaea are known to exhibit multiple 441 
origins of replication and of CDC6/ORC1 proteins within one genome, and those can 442 
likely be transferred between different haloarchaea [34]. Direct repeats of ~25 bp length in 443 
proximity to the core region were detected in nearly all apHPVs and could serve as the 444 
ORI of each plasmid, possibly allowing replication even if no plasmid encoded 445 
CDC6/ORC1 is present. Replication of haloarchaeal megaplasmids or secondary 446 
chromosomes is driven by CDC6/ORC1 and associated ORIs, and they rarely reach copy 447 
numbers that are significantly higher than those of the main chromosome (up to 2-fold) 448 
[45, 46]. Plasmid pR1SE was shown to reach up to 15 copies per host chromosome copy 449 
[7]. It remains to be elucidated whether this is due to ORF1 activity, or whether other 450 
apHPVs without ORF1 can also reach higher copy numbers. 451 

The functional prediction of the identified core proteins remained to be challenging, 452 
despite the advancement of tools for tertiary structure prediction and structural 453 
comparison. However, structural analysis revealed conserved domains in some of the 454 
proteins. ORF6 was thought to be a central structural and potentially coat-forming protein 455 
in PVs, recruiting other structural proteins and the cargo. The prediction was based on the 456 
N-terminal WD40 domain, which is also present in coat proteins of eukaryotic 457 
intracellular vesicles [47]. However, our analysis of ORF6 in other apHPVs revealed that 458 
the N-terminus is highly diverse and only half of the other homologs contain a WD40 459 
domain. In contrast, the structure of the C-terminus of the protein appears to be highly 460 
conserved, but no structural homologs could be identified in public databases. Thus, the 461 
role of ORF6 in PV formation remains unresolved. ORF7, for which the annotation as a 462 
subtilisin-like serine protease was supported by structural predictions, was detected in all 463 
size fractions of PVs separated on polyacrylamide gels [4], indicating a strong interaction 464 
with other PV proteins. Therefore, we suggest that ORF7 could potentially be involved in 465 
the maturation of different pR1SE proteins, resembling viral proteases involved in 466 
maturation [40, 48]. The structure of ORF8 was conserved amongst different apHPVs and 467 
showed good alignments with the structure of NEP1-like proteins (Necrosis and ethylene 468 
inducing proteins), NLPs. NLPs proteins contain NPP1 domains (necrosis-inducing 469 
Phytophthora protein), are secreted by phytopathogenic bacteria and fungi, and 470 
contribute to host infection by plasma membrane permeabilization [49]. Proteins with 471 
NPP1 domains have been identified in extracellular vesicles of phytopathogenic fungi 472 
[50]. While the detailed molecular function of NLPs for the producing organisms is still 473 
unknown, it is known that NLPs interact with the plant membrane and are involved in 474 
membrane permeabilization. We, therefore, assume that ORF8 is membrane interacting 475 
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and may even have membrane remodeling functions. ORF9 was predicted to build a 476 
stabilizing outer coat of PVs, and our reanalysis did not reveal any other potential 477 
function. Predicted structures of ORF17, ORF21 and ORF24 homologs were inconsistent 478 
and did not allow the identification of structural homologs in public databases, thus 479 
prohibiting a reasonable prediction of function. The N-terminus of ORF23 is highly 480 
conserved and shows similarity to domains within pilus assembly proteins and TonB 481 
receptor proteins. However, the function of ORF23 still remains elusive, because the 482 
function of this particular domain is unknown. The structure of ORF25 is highly conserved 483 
across all apHPVs, and similar to both a viral DNA-packaging ATPase as well as ATPases 484 
involved in plasmid recruitment during conjugation. ORF25 was not detected in PVs, 485 
therefore, we predict that ORF25 is responsible for recruitment of apHPVs into PVs. Both 486 
ORF23 and ORF25 showed similarities to components of Type II or type IV secretion 487 
systems, respectively, which could indicate that they are acting together to either secrete 488 
or to pull the cargo into PVs. Considering the genomic organization into two cluster 489 
(ORF6-9 and ORF17, ORF21-ORF25), and the fact that proteins of cluster 1, and ORF17, 490 
were more abundant in PVs [4], we suggest that cluster 1 could play a major role in the 491 
formation and the structure of PVs, while cluster 2 could be responsible for plasmid 492 
packaging. ORF17 was highly diverse amongst different apHPVs, and could possibly be 493 
responsible for host cell recognition. 494 

While we have no experimental evidence that apHPVs other than pR1SE are transferred 495 
via PVs, it is evident from our data that other apHPVs also integrate into host 496 
chromosomes or secondary replicons, because we found examples of integration. 497 
Additionally, the size of the majority of apHPVs exceeds significantly the size of the core 498 
region, indicating that they have recruited a substantial amount of genomic information 499 
from earlier integration events (Figure 5B). Integrases were detected on most apHPVs, 500 
however, these integrases could have also been retrieved from the host, as in the case of 501 
pR1SE, without being responsible for the active integration of apHPVs. Integration, 502 
excision and uptake of host genomic information was shown for pR1SE [4], and we infer 503 
that other apHPVs exhibit the same capability (Figure 5A). Considering the sizes of the 504 
newly discovered apHPVs, we suggest that apHPVs are responsible for the horizontal 505 
transfer of very large fragments of genomic DNA. Notably, this function coincides with 506 
the high general genomic flexibility of haloarchaea and the significantly higher number of 507 
plasmids per genome in this class (Figure 5C). This could indicate that elements like 508 
apHPVs are either responsible for the high genomic flexibility, or that apHPVs could only 509 
evolve because recombination events were already happening at an increased rate.  510 
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 511 
Figure 5. Proposed replication cycle of apHPVs, based on the replication cycle of pR1SE [4]. A - 512 
Clockwise replication cycle of apHPVs: A vesicle containing an apHPV plasmid infects a plasmid-513 
free host. The plasmid integrates into the main chromosome, secondary replicons or replicates 514 
independently. During excision out of host replicons, genomic fragments of the host genome are co-515 
excised and incorporated into the plasmid. This infection-integration-excision cycle potentially 516 
occurs multiple times, leading to an increased size of the plasmid, containing genetic material of 517 
multiple hosts. At some point, the plasmid becomes too large to be packaged into PVs (red cross), 518 
only the core-region of apHPVs excises and the additional genetic material remains within the host. 519 
If an ORI is present, the remains could replicate as secondary replicon. B - Length (base pairs) of the 520 
core region and the total length of apHPVs. Only circular, non-integrated apHPVs are shown (n = 521 
20). C - Number of plasmids on NCBI per archaeal class, divided by the number of genomes of this 522 
class on GTDB.  523 

The genomic composition of the non-core regions of apHPVs is similar to the flexible 524 
regions of the host genome [8, 51], enriched in genes associated with replication, 525 
recombination and repair, defense mechanisms, motility, transcription and the general 526 
mobilome. Additionally, we found virus defense systems on almost all apHPVs. 527 
Therefore, we suggest that apHPVs could play an important role in transfer of virus 528 
defense systems between cells, and hosts could strongly benefit from apHPVs which 529 
support their defense against viruses. While we did find CRISPR spacers against the core 530 
region of apHPVs, only a few were targeted, indicating that apHPVs are either often not 531 
recognized as invading genetic elements, or interfere with the uptake of new spacers by 532 
the CRISPR system. One apHPVs was found in host organisms encoding a spacer against 533 
the same apHPV, and one anti-CRISPR protein was identified, suggesting that apHPVs 534 
also counteract CRISPR interference. We found two cases of two different apHPVs co-535 
existing in one host, demonstrating that they do not exclude each other as it is known for 536 
some viruses (superinfection exclusion).  537 

Strikingly, the gene sharing network of archaeal plasmids, viruses and apHPVs revealed 538 
that apHPVs potentially exchange genetic material not only with host genomes and 539 
plasmids, but also with viruses. However, it remains to be elucidated whether apHPVs 540 
pick up regions of integrated viruses or recombine with actively replicating viruses. 541 
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Considering that the life cycle of apHPVs already places them at the interface between 542 
viruses and plasmids, their ability to recombine with both plasmids and viruses further 543 
strengthens the emerging connection between viruses and plasmids that have long been 544 
regarded as very distinct and unrelated MGEs. 545 

5. Conclusions 546 
In our study we identified 40 pR1SE-related elements, apHPVs, in haloarchaea, showing 547 
that this class of elements are more widespread than previously thought. All apHPVs 548 
share a very conserved genetic organization, including the majority of proteins that were 549 
detected in PVs of pR1SE. It thus is conceivable that all apHPVs could potentially be 550 
disseminated in PVs. However, even modeling the tertiary structures of these core 551 
proteins often did not allow us to draw conclusions about their function, pointing towards 552 
a unique mechanism. The potential of pR1SE for horizontal gene transfer was already 553 
demonstrated by Erdmann et al [4], and the analysis of the additional apHPVs detected in 554 
this study revealed even more complex interactions. The apHPVs appear to exchange 555 
genetic material not only with the host but also with archaeal plasmids and viruses, 556 
possibly playing an important role for the evolution of both, plasmids and viruses.  557 
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3.1 The mobilome of prokaryotes in the era of big-data next-

generation sequencing

Horizontal gene transfer (HGT) and mobile genetic elements (MGEs) are closely con-

nected. Nevertheless, not all HGT events are mediated by MGEs, and not all MGEs are

actively involved in HGT (see Figure 3.1). The genomes of all organisms are subjected

to the constant assault of MGEs, ranging from a few base pairs (e.g. MITEs) to a few

hundred kilobase pairs (plasmids or prophages) (Frost et al. 2005; Durrant et al. 2020).

By mobilizing themselves and segments of the host genome, they induce genomic flexi-

bility. Mobilization either occurs within a genome or between different hosts, the latter

being termed horizontal gene transfer. When analyzing microbial sequence data in or-

der to understand evolutionary and ecological dynamics, the identification of MGEs and

the detection of HGT events is crucial. Tools for the identification and classification of

viruses (see subsection 3.2.1), plasmids (see subsection 3.2.2), integrative and conjugative

elements (ICEs), transposons (Lerat 2010; Jiang et al. 2015) and other MGEs have been

added to the bioinformatic toolkit available to researchers. Similarly, tools for identifying

genome recombination events (Darling et al. 2010) or identifying genomic islands (Bertelli

et al. 2017), in other words, the detection of intragenomic mobilization and HGT events,

independent of MGEs, were developed. Together, they allow culture-independent analysis

of the genomic flexibility of microbial communities and their mobilome, the sum of all

mobile genetic elements of a community. However, not all mechanisms of HGT can be

detected with existing bioinformatic tools and pipelines. Extracellular vesicles have the

potential to transfer DNA and induce heritable change (Bitto et al. 2017; Biller et al.

2017), and recent studies demonstrated that EV-mediated HGT events are more prevalent

than previously thought (Hackl et al. 2023; Lücking et al. 2023). Similar to transformation

events, this form of HGT is independent of MGEs, however, it requires the formation of

membrane-derived vesicles by the host. Furthermore, the DNA transported is ostensibly

indistinguishable from host DNA, which poses a unique challenge for the bioinformatic

detection of EV-mediated HGT (Lücking et al. 2023). This review presents tools and their

general approach(es) for identifying viruses and plasmids, as well as commonly used meth-

ods for detecting subclasses of MGEs (e.g., a specific viral family or an exotic archaeal

plasmid). The challenges posed by the bioinformatic analysis of EV-mediated HGT are

also discussed. Lastly, a brief outlook of future developments and challenges in the field is

given.

3.2 Bioinformatic identification of mobile genetic elements

3.2.1 Detection of viral sequences in metagenomic datasets

Viral metagenomics or ‘viromics’ has emerged as an important field to study the diversity

and abundance of viruses. Detecting viruses in mixed microbial samples has led to the

discovery of thousands of viral populations (or viral species) in all kinds of environments,

revealing the extraordinary diversity and abundance of viruses (Gregory et al. 2019; Malathi
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Figure 3.1: Venn diagram of Horizontal gene transfer mechanisms and mobile genetic
elements. GTAs - gene transfer agents, ICEs - integrative and conjugative elements, MITEs
- Miniature Inverted-repeat Transposable Elements, EV - extracellular vesicles. Figure
created with biorender.com.

and Devi 2019; Edgar et al. 2022; Dominguez-Huerta et al. 2023 and Figure 3.2).

In order to fully leverage the potential of cultivation-independent approaches, the cor-

rect identification of viral sequences among non-viral sequences is essential. This recovery

rate depends not only on the correct bioinformatic method but also on the sample prepa-

ration (Kosmopoulos et al. 2023). Either, the sample is immediately sequenced or enriched

for virus-like particles (VLPs). This enrichment is accomplished with methods that exploit

the physical properties of VLPs in comparison to microbial cells, such as sequential size

filtration, ultracentrifugation, tangential flow filtration or flow cytometry (Li and Dickie

1985; Van der pol et al. 2010; Hillebrandt et al. 2020; McNamara and Dittmer 2020).

Additionally, amplification steps may be used in order to enrich less abundant sequences.

Amplification increases recovery rates of rare virus species. However, amplification po-

tentially introduces unwanted biases, as shown elsewhere (Kim and Bae 2011; Duhaime

et al. 2012; Parras-Moltó et al. 2018). The resulting sequences are then analyzed for sig-

nals of viral origin. In 2002, Breitbart et al. pioneered the analysis of viral communities

by comparing the gene and protein content to existing databases (Breitbart et al. 2002),

and the development of intricate bioinformatic pipelines and programs for the detection

of viral sequences followed. In the diverse landscape of viral metagenomics, specialized

programs often exhibit a narrow focus tailored to specific experiments targeting distinct

viruses or environments (Fouts 2006; Roux et al. 2013). However, a new generation of

versatile and user-friendly tools has emerged, capable of detecting highly diverse viruses

from different environments. Generally, these programs apply one of two overarching ap-

proaches. i) Marker-based searches that detect homologous sequences of known viruses or

ii) alignment-free and pattern-based approaches (see Figure 3.3). Marker-based approaches
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align unknown sequences to curated databases of viral sequences, identifying genes or pro-

teins that are indicative of viral sequences, e.g. the presence of a major capsid protein

(Fouts 2006; Roux et al. 2015; Starikova et al. 2020). Alignment-free approaches classify

unknown sequences by applying deep learning structures to identify viral features outside

of normal sequence homologies, e.g. gene density (Ren et al. 2017, 2020; Sukhorukov et al.

2022). While these models are still trained on known viral sequences, they can detect viral

sequences for which homologs have yet to be identified. Both approaches have inherent

advantages and disadvantages, so the newest generation of viral detection tools apply hy-

brid approaches. In one of the most recently published viral identifiers, the two approaches

are run simultaneously on different branches (Camargo et al. 2023). One branch predicts

open-reading frames (ORFs) and compares predicted protein sequences to a highly curated

dataset of marker genes, calculating likelihood scores for each input sequence. At the same

time, the other branch gives the one-hot encoded nucleotide sequence to an IGLOO neural

network, which assigns a likelihood score for each sequence to be of viral (or plasmid or

chromosomal) origin. The results of both branches are then aggregated, and a final score

is given for each sequence.

Figure 3.2: Number of complete viral genomes deposited on NCBI (access: 19.11.2023).

3.2.2 Detection of plasmids in metagenomic datasets

Plasmids carry secondary, non-essential genes yet have the ability to provide antibiotic

resistance and alter metabolisms or virulence to their host. The correct identification of

them is therefore crucial from a medical (Johnson et al. 2012), agronomic (Pemberton and

Don 1981; Sen et al. 2011) and ecological (Thomas and Nielsen 2005) perspective. Similar

to virus identification, bioinformatic tools for the detection of plasmids in metagenomic

samples leverage the gene content (equivalent to marker-based approaches for viruses) and

sequence composition (pattern-based) of plasmids (see Figure 3.3). Comparing unknown

sequences to a database of known plasmids or known plasmid-associated genes (Gomi et al.

2021) is a simple and effective way to identify plasmids. For example, PlasmidFinder

(Carattoli et al. 2014) compares input sequences to a set of plasmid-associated replicons.

Plasmids often have significantly different GC content, k-mer frequencies and increased
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Figure 3.3: Conceptual diagram that places MGE-prediction tools along two axes of
study design: Pattern-based versus marker-based approaches (x-axis) and tools with a
generalized versus specialized detection range (y-axis). Position of tools are approximate.
Note that no tool is placed in the ‘specialized but pattern-based / reference-independent’
quadrant (bottom right). First author and year is shown, references are noted in the text.
Figure created with biorender.com.

coverage compared to chromosomal DNA. These features can be identified during assembly

(metaplasmidSPAdes, HyAsp, SCAPP) (Antipov et al. 2016; Müller and Chauve 2019; Pellow

et al. 2021) or afterward (Plasflow) (Krawczyk et al. 2018). Platon calculates a replicon

distribution score (RDS) for each contig, a metric based on a bias in protein-coding genes’

replicon distribution (Schwengers et al. 2020). Most modern tools apply a hybrid approach

by combining pattern-based and marker-based approaches and incorporating machine and

deep learning structures (Andreopoulos et al. 2022; Tang et al. 2023).

3.2.3 Detection of specific subclasses of MGEs

In order to detect specific, uncommon or even exotic MGEs among other sequences, ex-

isting tools might need to be more sensitive. Therefore, custom pipelines have to be

developed. While the specific pipelines and approaches differ, one established method is

the creation of Hidden-Markov-Models of protein alignments for more sensitive detection

of homologs in comparison to strictly protein sequence-based searches (Pfeifer et al. 2021;

Alarcón-Schumacher et al. 2023). In order to create meaningful HMM profiles, several

homologs of the protein in question need to be known. The sequences are aligned, and

subsequently, a HMM profile is calculated for the alignment. In short, HMM profiles of se-

quence alignments represent probabilistic models that capture the conserved patterns and

variability in biological sequences, offering a statistical framework to analyze and compare

the likelihood of observing specific positions across diverse sequences (Eddy 2011). Such

profiles are generated for a particular, manually selected set of marker proteins and can be

searched in a given dataset. In addition to the sheer presence or absence of proteins, the
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genetic context, e.g. conserved synteny or contig length, is considered. Such an approach

is implemented in Chapter 2, in order to detect pR1SE-like elements.

3.3 Detection of Extracellular Vesicle-mediated HGT

3.3.1 The ostensible impossibility of deciphering EV-mediated HGT

The detection of EV-mediated horizontal gene transfer poses unique challenges. DNA

transported in EVs is indistinguishable from regular microbial DNA in cells based on the

sequence itself (Biller et al. 2014; Bitto et al. 2017). Therefore, the stringent removal of

cells and all other sources of non-EV-mediated microbial DNA is crucial to identify EV-

mediated DNA correctly. The reliable removal of free, environmental DNA (eDNA) can

be assured by DNase treatment of the sample (Sorensen et al. 2021). In order to remove

microbial cells from the sample, the physical properties of EVs in comparison to cells can

be exploited. The laboratory methods to achieve EV isolation are identical to the methods

used for VLP enrichment, namely sequential size filtration, ultracentrifugation, tangential

flow filtration or flow cytometry (Li and Dickie 1985; Van der pol et al. 2010; Hillebrandt

et al. 2020; McNamara and Dittmer 2020). However, these methods only remove micro-

bial cells, while separating EVs from other small particles is not easily achievable. That

secondary separation step is necessary since the DNA transported in EVs is indiscernible

from DNA transduced by viruses. Yet, EVs, virus particles, gene transfer agents and other

potentially present MGEs have overlapping physical properties; i) their size ranges from

20 to 300 nm (excluding larger giantviruses), ii) their mass ranges from femtograms to

picograms. Therefore, isolation techniques like size filtration fail to separate co-occurring

small particles from each other. This separation might be possible in a controlled exper-

imental setup, e.g., if the absence of a viral infection and, therefore, the absence of viral

particles can be guaranteed. However, EV isolation becomes challenging for mixed mi-

crobial samples, where multiple infections occur simultaneously. One promising technique

that successfully separates the different entities is using density gradients. Here, the minor

differences between the mass of a viral particle and EVs are leveraged to concentrate them

in different fractions of the gradient (Linney et al. 2021). However, this works best for

uniform populations of EVs and other particles. Particularly EVs can vary in size and

mass, making a strict separation near impossible for mixed environmental samples, even

with the use of density gradients (Linney et al. 2022 and Chapter 4). Ultimately, in most

cell-free and eDNA-free environmental samples, there will be a mixture of GTAs, viruses

and EVs. DNA sequenced from this mix of entities traditionally has been called ‘virome’ or

‘viral metagenome’, however, new terminology for this sequence space has been proposed:

protected extracellular DNA (peDNA) (Chapter 4 and Figure 3.4).

3.3.2 Leveraging host information to resolve EV-mediated HGT

In Chapter 4, a host-centric approach for the analysis of peDNA was developed, specifically

to resolve the seeming impossibility of discerning EV-mediated DNA from DNA transduced

by viruses or GTAs. While the approach is explained in detail in Chapter 4, a brief overview
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Figure 3.4: Composition of the sequence space of peDNA, traditionally referred to as a
‘virome’ and potential origins of contamination when analyzing non-viral peDNA. Figure
created with biorender.com.

of the workflow and a number of design decisions will be discussed here. In general, the

approach relies on two conditions. First, the peDNA dataset at hand must be as cell- and

contamination-free as possible, i.e. only DNase-treated and size-filtered samples should be

considered. Second, genomes of the potential hosts of the peDNA have to be available.

Often, high-quality metagenomic assembled genomes (MAGs) are more readily available

and, if the set of MAGs was generated from sequence data sampled parallel to the peDNA

dataset, are potentially the best representation of the microbial community. Then, by

mapping peDNA reads to the potential hosts, most peDNA-producing hosts were identified.

Lastly, a primary transport mechanism (GTA transduced, virus transduced, EV-mediated)

was identified for each host. This categorization of primary transport mechanisms allowed

a semi-quantitative assessment of the different HGT mechanisms in the given dataset.

3.3.3 Key design decisions and limitations

The first critical decision is the use of MAGs instead of complete genomes. MAGs have the

advantage that they could be assembled from the same exact location as the peDNA. Fu-

ture EV-focussed experiments could sample from a specific environment, filter the sample,

retrieve MAGs from the microbial fraction, and purify the corresponding peDNA fraction.
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The resulting MAGs would very well, depending on sequencing depth, represent the mi-

crobial community. The disadvantage of MAGs in this case is that incomplete assembly

makes detecting integrated MGEs more difficult. Especially highly flexible regions on a

genome, in which viruses or other mobile elements tend to integrate and excise challenge

assemblers. A careful selection of a set of highly curated MAGs that best represent the

local community is therefore crucial. A second important design decision was the usage

of multiple virus prediction tools. Instead of relying on a single predictor, a combina-

tion of marker-based and pattern-based predictors was used, maximizing the sensitivity of

the workflow. Missing integrated viruses would lead to an underestimation of transduced

peDNA compared to peDNA transported in EVs. Naturally, completely unknown viruses

will still be missed by current predictors, limiting the workflow’s predictive power. Future

iterations could implement the most current virus prediction tools, e.g. geNomad (Camargo

et al. 2023), to increase sensitivity and improve viral detection. Similarly, the detection of

GTA gene clusters is limited to known GTA systems and, therefore, limits the workflow’s

predictive power. While most of the workflow has been implemented in snakemake, making

it a portable, scalable and automatic pipeline, a manual inspection step is still required.

Here, transduction patterns need to be manually analyzed in order to detect the occurrence

of active transduction. While this step certainly could be automated in future iterations

of the workflow, it currently limits the scalability.

3.4 Conclusion

The growing metagenomic toolset, developed over the last decades, has enabled a mobilome-

centric analysis of microbial communities, allowing for a more holistic view of microbiomes.

Tools for virus and plasmid discovery and subsequent analysis are well established com-

pared to tools for EV-mediated HGT and - unsurprisingly - other exotic mechanisms and

MGEs. Nevertheless, for all aspects of metagenomic analysis, several developments need

to be tackled to use the full potential of computer-driven analysis of this specific sequence

space. Most developments in MGE identification rely on growing and improving reference

databases. Therefore, the following key points should be the focus of future work and are

already been addressed in recent publications: i) standardized reporting of novel virus-like

sequences (Roux et al. 2019) and other MGEs, ii) improved representation of undersam-

pled and highly diverse environments (Trubl et al. 2020). Lower costs and improvements

in sequencing techniques (e.g. PacBio or MinION sequencing) will help to address these

key points by enabling the analysis of rare or highly flexible MGEs. For well-described

MGEs, benchmarking existing tools in terms of sensitivity, precision and runtime is essen-

tial. Additionally, benchmarking different workflows and reference databases for samples

of different biomes is similarly crucial since it allows users to select the optimal tool for

the specific samples (Paganini et al. 2021; Wu et al. 2023). Even for machine learning

and pattern-based approaches, choosing the correct training set is crucial for high accu-

racy when identifying e.g. viruses in undersampled environments or samples with low viral

abundance (Ponsero and Hurwitz 2019). Even the best bioinformatic tools rely on suitable

datasets. Therefore, carefully considering the selected methods for sample preparation,
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DNA extraction, library preparation, and sequencing is essential. This is particularly true

for the detection of EV-mediated HGT since the ad-hoc differentiation between true signals

and contamination is impossible. However, for carefully curated datasets, the detection

of EV-mediated HGT was successfully demonstrated in Chapter 4. Improvements to the

existing pipeline, e.g. the automation of steps that for now require manual curation, would

allow for better scalability. However, the results already indicate that EV-mediated HGT

is widespread and a major driver of HGT in the oceans. Applying the developed method

on a bigger scale and to different environments, such as soils, gut systems and freshwa-

ter, should be the focus of future studies. Linking EV-mediated HGT to other MGEs,

as demonstrated by Hackl et al. (Hackl et al. 2023), is a similarly promising approach for

future studies in order to unravel the intricate interactions of MGEs and all mechanisms

of HGT that fundamentally shape all biomes on earth.
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Environmental virus metagenomes, commonly referred to as <viromes=, are typically generated by physically separating virus-like
particles (VLPs) from the microbial fraction based on their size and mass. However, most methods used to purify VLPs, enrich
extracellular vesicles (EVs) and gene transfer agents (GTAs) simultaneously. Consequently, the sequence space traditionally referred
to as a <virome= contains host-associated sequences, transported via EVs or GTAs. We therefore propose to call the genetic material
isolated from size-fractionated (0.22 µm) and DNase-treated samples protected environmental DNA (peDNA). This sequence space
contains viral genomes, DNA transduced by viruses and DNA transported in EVs and GTAs. Since there is no genetic signature for
peDNA transported in EVs, GTAs and virus particles, we rely on the successful removal of contaminating remaining cellular and free
DNA when analyzing peDNA. Using marine samples collected from the North Sea, we generated a thoroughly purified peDNA
dataset and developed a bioinformatic pipeline to determine the potential origin of the purified DNA. This pipeline was applied to
our dataset as well as existing global marine <viromes=. Through this pipeline, we identified known GTA and EV producers, as well as
organisms with actively transducing proviruses as the source of the peDNA, thus confirming the reliability of our approach.
Additionally, we identified novel and widespread EV producers, and found quantitative evidence suggesting that EV-mediated gene
transfer plays a significant role in driving horizontal gene transfer (HGT) in the world9s oceans.

ISME Communications; https://doi.org/10.1038/s43705-023-00317-6

INTRODUCTION
The presence of extracellular entities strongly shapes microbial
communities. Particles of various origins mediate the transport of
genetic material from one cell to another, thus playing a crucial
role in horizontal gene transfer (HGT) [1, 2]. Most prominently,
viruses are highly abundant and diverse drivers of ecological and
evolutionary interactions within a community [336]. However, due
to the limited culturability of their hosts, viruses often escape
traditional culture-based approaches [7], leading to the develop-
ment of culture-independent techniques to study their funda-
mental impact on microbial communities, global biogeochemical
cycles and their effect on climate change. Similar to metagenomic
studies, researchers have sequenced and analyzed the genetic
content of the viral fraction on a community level, leading to the
advent of viral metagenomics or <viromics= [8]. This approach
traditionally relies on the physical, pre-sequencing separation of
virus-like particles (VLPs) from microbial cells. Methods like
sequential size filtration, ultracentrifugation, tangential flow
filtration, and flow cytometry exploit the distinct physical proper-
ties of VLPs when compared to microbes [9312]. Additionally,
bioinformatic methods were developed to identify virus-like
sequences among microbial sequences [13316]. This led to the
discovery of many diverse viruses, fulfilling crucial functions in
their respective microbial community [17]. Interestingly, even after
the most thorough removal of microbial cells, non-viral genes
were shown to be present in <viromes= generated from many
diverse environments [7, 18]. The contamination of <viromes= with

microbial sequences originating from remaining intact cells and
free extracellular DNA has been reported in several studies.
Consequently, tools have been developed to estimate the
proportion of true viral DNA in a given virome, using the
abundance of reads with homologs in available prokaryotic
databases or a specific set of microbial marker genes (e.g., 16S
rRNA gene) [18320]. These tools fall short of assessing the true
degree of contamination of a <virome=, because the abundance of
prokaryotic-, non-virus-like genes is not necessary due to microbial
contaminations, but can be the result of horizontal gene transfer
processes.
Long before the development of modern <viromics=, studies

showed that viruses carry and distribute random microbial genes
[21, 22] or specific <auxiliary metabolic genes= (AMGs) in addition
to bona fide viral genes (e.g., genes necessary for particle
assembly or viral genome replication), in a well-described process
termed <transduction=. Here, either genetic material adjacent to
the integrated viral genome (specialized transduction) or random
snippets of the host genome (general transduction) are packaged
into the viral particles [1]. AMGs have been shown to fundamen-
tally alter the metabolism of microbes by providing genes
otherwise unavailable to their host [8, 23], further demonstrating
the need for a good understanding of non-viral DNA in viromes.
Viromes are traditionally generated by separating VLPs from

cells. However, methods that enrich VLPs by removing larger and
heavier microbial cells also enrich entities similar in size and mass
to VLPs. Most prominently, gene transfer agents (GTAs) and
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extracellular vesicles (EVs, also referred to as membrane vesicles,
MVs, or outer membrane vesicles, OMVs) are particles with similar
physical properties and both have been shown to be involved in
HGT, thus contributing to the presence of non-viral DNA in
<viromes=.
GTAs are particles transporting host DNA from one cell to

another. They likely derived from defective prophages, and
retained functional genes for the head and tail components of a
head-tailed virus particle, including the genes for DNA packaging.
Therefore, mass and size (40360 µm) of GTA particles are very
similar to head-tailed viruses, making it hard to differentiate them
from viruses solely based on morphology. Notably and in contrast
to true viruses, GTAs do not specifically package the GTA-
producing gene cluster into the particle, but transport short
segments of the host genome. Up to this date, several distinct
gene clusters have been identified that produce GTAs [24328].
Prokaryotic EVs are small (103300 nm) spherical structures

derived from the cell membrane [29]. EVs represent compart-
ments that protect their cargo from degradation and are used for
the transport of a variety of different components across the
extracellular space. This includes the transport of nutrients, toxins,
antigens, lipids, proteins, RNA, and DNA [30336]. Recent studies
showed an abundance of EVs in marine environments of up to 106

vesicles per milliliter [33], produced across diverse taxa. EVs,
produced by highly abundant marine heterotrophs and auto-
trophs, such as Pelagibacter, Marinobacter, and Prochlorococcus,
have been shown to transport fragments of chromosomal and
plasmid DNA [37341], thus contributing to the fraction of non-viral
DNA within viromes.
In this study, we aimed to explore the non-viral sequence space

of viromics datasets. First, we generated our own dataset, carefully
avoiding possible contaminations. Then we categorized the
sequences from this dataset and publicly available viromics
datasets as virus- or non-virus-derived. Subsequently, we explore
the non-virus-derived sequence space to detect the extent of non-
viral DNA potentially being horizontally transferred between cells.
We then identify the means of transport (GTA-, EV-, or virus-
driven) for the sequences by linking the datasets to existing
microbial metagenomes and genomes. We identify potential
novel EV- and GTA producers and metagenomics-assembled
genomes (MAGs) with an actively transducing virus. We propose
using the term <protected extracellular DNA= (peDNA) for DNA
sequence data derived from appropriately purified environmental
fractions <0.2 µm, so far referred to as viromics datasets.

RESULTS AND DISCUSSION
Viromics datasets represent the sequence space of protected
extracellular DNA (peDNA)
The majority of samples prepared for <viromics= include GTAs and
EVs, in addition to virus particles. All three entities are small
protein- and/or lipid-containing particles that can enclose cellular
DNA [3] or were found to bind cellular DNA on their surface [42],
thus inflating the sequence space that traditionally has been
described as a <virome=. In contrast to free extracellular DNA, DNA
that is enclosed in or tightly associated with particles, or DNA that
is tightly enclosed in protein/DNA or DNA/RNA complexes, is
protected against degradation by extracellular nucleases occur-
ring in the environment or nucleases used to clean samples from
free extracellular DNA. Hence, we propose the term <protected
extracellular DNA= (peDNA) to describe the entirety of DNA
transported by viruses, GTAs and EVs (Fig. 1). We will use this term
throughout this work.

Purification of environmental samples for the generation of
peDNA datasets is essential to explore of the entire dataset
Previously, the percentage of 16S/18S rRNA-mapping reads was
used as a proxy for host contamination in virome datasets [19].

However, it has since been shown that GTAs and EVs enclose host
DNA randomly, including 16S/18S rRNA genes [43]. We calculated
SSU rRNA alignment rates for two highly purified samples: DNA
extracted from virus isolates, purified by sequential plaque assays
and 0.2 um size filtration [44] and DNA extracted from EVs purified
from culture supernatants of Prochlorococcus [33] (Fig. 2). While
the alignment rates were low for virus isolates (mean=
0.000437%), the percentage of 16S/18S-mapping reads was five
orders of magnitude higher in DNA extracted from purified EVs
(1.81%), even exceeding the mean alignment rate of publicly
available microbial environmental metagenomes (mean= 0.078%,
[19]). For these samples, Biller et al. confirmed the absence of
microbial cells using electron microscopy. Thus, the presence of
16/18S rRNA-mapping reads neither proves or disproves contam-
ination in peDNA samples. The only way to exclude contamina-
tions with cellular DNA or extracellular free DNA is the rigorous
purification of the sample before sequencing.
For this purpose, we generated a dataset from rigorously

purified samples using several sequential filtration steps, DNase
treatment and density gradient purification (Methods, Supple-
mentary Fig. 1), resulting in cell-free samples containing virus-like
particles, GTA particles and EVs. Subsequently, we compared the

Fig. 1 Conceptual composition of protected extracellular DNA.
The top panel depicts microbial entities present in a water body:
microbial cells, viruses containing viral and microbial genetic
material, gene transfer agents and extracellular vesicles containing
host DNA. After size filtration (0.22 µm) and DNase treatment and, if
applicable, purification via density gradients, microbial cells and free
DNA are removed (middle panel). The remaining DNA makes up the
sequence space of protected extracellular DNA, peDNA (bottom
panel).
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SSU rRNA alignment rates of our dataset with one metagenomic
peDNA dataset and two viromic datasets: Density gradient-
purified EVs isolated from seawater samples (<Environmental EV
enrichment=) [33]; the <Tara Oceans virome= dataset [17], purified
by size filtration and DNase treatment; and the <GDOCB virome=
dataset [45]. GDOCB viromes are purified by flow cytometry. The
process excludes free DNA and microbial cells with physical
properties outside of the analyzed size spectrum, which makes it
possible to assume that these viromes are free from contamina-
tion. Both datasets showed increased SSU rRNA alignment rates
(Fig. 2), with some samples even exceeding the microbial
metagenome alignment rate of 0.078%. Likewise, our dataset,
while on average showing lower alignment rates (mean=
0.066%), contained samples exceeding that threshold. Lastly,

Tara Oceans viromes mostly showed very low SSU rRNA alignment
rates, with very few exceptions (mean= 0.031%). Overall, even
thoroughly purified and confirmed contamination-free datasets
show highly variable SSU rRNA alignment rates. We concluded
that the majority of SSU rRNA hits in these datasets are enclosed
in VLPs, GTA9s or EVs rather than in contaminating microbial cells,
and therefore included the datasets in the subsequent analysis.

Separation of non-viral (nvpeDNA) from viral protected
extracellular DNA (vpeDNA) indicates that EVs and GTAs could
be very abundant entities in the ocean
The sequence space of protected extracellular DNA (peDNA)
consists of virus genomes (viral protected extracellular DNA,
vpeDNA) and non-viral, microbial DNA (non-viral extracellular
DNA, nvpeDNA), deriving from transducing viruses, GTAs and EVs.
nvpeDNA represents the sequence space that is potentially
horizontally transferred between cells and therefore has major
implications on the ecology and evolution of the organism in this
environment and the environment itself.
In order to separate non-viral peDNA from viral peDNA, we

developed a bioinformatic pipeline that, in brief, identifies virus
sequences, separates those from non-viral sequences and
calculates a non-viral to viral peDNA ratio in a given dataset
(Fig. S1 and Methods). This pipeline was first applied to isolated
viruses and purified EVs (Fig. 3A). As expected, vpeDNA made up
>99% of the DNA of purified Heligoland phage isolates and
nvpeDNA made up 98% of the DNA transported in purified EVs of
a pure Prochlorococcus culture, verifying that the pipeline is
reliably separating vpeDNA from nvpeDNA.
Consequently, we applied the pipeline to the entire Helgoland

peDNA dataset and the other datasets that we verified earlier to
be reasonably contamination-free peDNA datasets (Fig. 3A).
Helgoland peDNA contained 39% non-viral reads. In the Tara
Oceans Viromes, nvpeDNA made up, on average, 40% of all reads
(105 samples). While viruses are considered the most abundant
nucleic acid-containing biological entities in the ocean [3], these
findings clearly indicate that EVs and GTAs, transferring cellular
DNA, are likely very abundant entities as well. Surprisingly, in
GDOCB viromes, the proportion of nvpeDNA to vpeDNA was even

Fig. 2 Comparison of SSU rRNA alignment rates of diverse
viromes and EV preparations. Each dot represents the percentage
of reads aligning to either 16S or 18S rRNA genes. The cyan line
indicates the average alignment rate for publicly available meta-
genomes from various environments [19]. “Culture EV enrichment”:
a cell-free preparation of EVs from Prochlorococcus cultures [33].
“Heligoland peDNA”: dataset generated in this study from a highly
purified (filtration, DNase treatment, gradient purification) <0.2 µm
Heligoland water fraction. “Environmental EV enrichment”: Density
gradient-purified EVs isolated from seawater samples [33]. “GDOCB
virome”: <0.2 µm fraction enriched for VLPs by flow cytometry [42].
“Tara Oceans virome”: <0.2 µm fraction purified by size filtrations
and DNase treatment [17]. “Heligoland phage Isolates”: DNA
extracted from virus isolates, purified by 0.2 µm size filtration [41].

Fig. 3 Non-viral to viral peDNA ratios. A Non-viral to viral peDNA ratio across different studies. Each bar represents the percentage of read
pairs mapping to contigs classified to be non-viral or viral for viromes, peDNA enrichments, EV enrichments and pure phage isolates. Sample
size and purification methods are indicated for each sample. B Non-viral to viral peDNA ratio in different fractions of CsCl gradients. Left,
schematic view of seawater samples running through CsCl gradients (adapted from [43]). Right, non-viral to viral peDNA ratio for top and
bottom fractions in CsCl gradients for the Heligoland peDNA sample.
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higher (75% nvpeDNA). However, this may be due to the
comparably low sequencing depth, resulting in incomplete
assembly and therefore hindering a reliable identification of virus
contigs. Additionally, since the samples were not DNase treated,
particles with the same size as the sorted VLPs might carry free
DNA attached to the surface of the particles, therefore inflating
nvpeDNA. In order to avoid any artificially introduced biases, this
dataset was excluded from further downstream work.
We analyzed individual fractions of density gradients that were

used to purify the Heligoland peDNA, because it was shown
previously that density gradients can separate VLPs from EVs.
VLPs, also including GTAs, were found to be more abundant in
lower fractions of the gradients, while EV-like particles were more
abundant in upper fractions [33, 46]. Indeed, in the upper gradient
fractions of the Helgoland peDNA, nvpeDNA made up 60 and 54%
of all reads in two biological replicates, while in the lower fraction
nvpeDNA made up only 14 and 11% (Fig. 3B), confirming the
previous observations. Thus the proportion of nvpeDNA is much
higher in the upper fraction, that enriches EVs additionally to
some VLPs, compared to the lower fraction, that enriches mainly
virus particles and GTA9s. This indicates that EVs are likely
contributing significantly more to the nvpeDNA sequence space
than GTA9s and viruses.

Identifying the origin of non-viral protected extracellular DNA
reveals that EVs could be the main driver of horizontal gene
transfer in the oceans
For contamination-free peDNA samples, we consider three major
possible origins of nvpeDNA: DNA transduced by viruses, DNA
transported in GTA particles and DNA associated with EVs (Fig. 4A).
While we cannot exclude that some of the nvpeDNA could
originate from very stable protein/DNA or DNA/RNA complexes,
we assume that the proportion of these complexes is rather small
in comparison with DNA enclosed in particles.
It is inherently difficult to differentiate the origin of nvpeDNA

based on sequence content. To this date, there are no reports on
specific sequence signatures (e.g., marker genes) for DNA
transported in EVs or GTAs, making DNA transported in EVs
indistinguishable from DNA transported in GTA9s or virus particles.
Therefore, we developed a bioinformatic approach that tackles
this differentiation from a different perspective. First, each read in
the nvpeDNA fraction was linked to a given potential microbial
host (Fig. S2). Then, the 20 most nvpeDNA recruiting MAGs per
sample were selected. The main mechanism, which is most likely
used to transport its DNA into the extracellular space was
predicted, thus linking each read to either EV-, GTA- or
transduction-associated transport. We confirmed that the abun-
dance of these organisms (MAGs) in peDNA datasets does not
correlate (R2 < 0.01) with their abundance in the corresponding
metagenomes (Fig. S3), and that none of the organisms identified
are known to produce particularly small cells that could pass
0.2 µm filters. This additionally indicates that the high abundance
of their genomic DNA in the nvpeDNA fraction is not due to
cellular contamination with cells, but indeed the active transport
of genomic DNA into the extracellular space via EVs, GTAs or virus
particles. This approach was applied to nine Tara Oceans viromes
which were linked to 2307 MAGs [44] and the entire Heligoland
peDNA dataset which was linked to 457 MAGs sequenced from
seawater coming from the same sampling station on Heligoland
[47]. This yielded 200 MAGs (180 from Tara Oceans plus 20 from
Heligoland), subsequently categorized as either GTA- or EV-
producer or containing an actively transducing provirus. For
details on the categorization approach, refer to the following
sections, in brief: MAGs that contained an active (increased
coverage in provirus region) provirus were labeled as <transducer=.
Similarly, the respective MAG was labeled as <GTA producer= if a
complete or nearly complete GTA cluster could be identified. If
neither an active provirus or a GTA cluster was identified, the MAG

was labeled as <EV producer= (Figs. S2 and S4). All labels were
manually checked and verified by scrutinizing coverage plots
(Fig. S5), prophage regions and GTA clusters.
Among the 200 top peDNA-recruitingMAGs 170 could be assigned

unambiguously to one of the three categories (Fig. 4B). Most
importantly, the majority was identified as EV producers, confirming
that EVs that have been shown to be very abundant in the marine
environment [38], are not just abundant entities but also significantly
contribute to the peDNA sequence space and thereby are likely one
of the most important drivers of horizontal gene transfer.

Identification of four novel GTA producers with RcGTA-like
clusters
Of the 170 unambiguously assigned MAGs, 30 were identified to
contain a functional (>10 GTA-associated genes, core genes
present) GTA cluster. For most identified GTA producers, the
presence of a GTA cluster has been described elsewhere:
Roseobacter sp. (n= 16), Sulfitobacter sp. (n= 8) and Roseovarius
sp. (n= 1) are known GTA producers of the order Rhodobacterales

Fig. 4 Mechanisms of horizontal gene transfer that contribute to
peDNA. A The origin of sequences comprising peDNA can be either
EV-mediated or GTA-mediated gene transfer or via transduction.
B Number of MAGs assigned to each mechanism. Of 200 analyzed
metagenomic assembled MAGs, 170 could be assigned to pre-
dominantly use one of the three mechanisms in order to transport
their genetic material into the extracellular space: 129 EV producers,
30 GTA producers and 11 genomes, with an actively transducing
phage
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[48350], indicating the efficiency of our approach. Additionally, we
detected a functional GTA cluster in four more species:
Tateyamaria sp., Pseudooceanicola sp., Maritimibacter sp. and
Flavimaricola sp. all contained RcGTA homologs, including genes
encoding the major capsid protein, a terminase, a proteinase and
proteins associated with tail assembly (Fig. 5). The GTA cluster on
the genome of the Tateyamaria species was distributed more
widely over the genome in partial subclusters, as it has been
described elsewhere [26]. As far as we know, these four species9
clusters are not described elsewhere. We suggest that they are
complete and functional because the core genes necessary to
form GTA particles are present [51]; however, laboratory experi-
ments are necessary to confirm their full functionality.

Only a few transducing proviruses could be identified with
confidence in the peDNA sequence space
In order to label a MAG as containing an actively transducing
provirus and therefore as a transducer, we relied on a combination
of virus prediction tools, manual analysis of coverage plots and
functional annotation of the proviral regions (see <Methods=4<I-
dentification of potential transducers extracellular vesicle- and
gene transfer agent producers=). The virus genome itself is present
in all viral particles produced, in contrast to the transduced
microbial DNA, which could be a randomly selected host DNA
fragment (general transduction) or a specifically selected region
(specialized transduction). In both cases, the coverage over the
proviral region should be increased compared to the surrounding
non-viral regions (Fig. 6C). Thus, only MAGs which showed the
expected coverage profiles were labeled as transducers. Contrast-
ingly, if a region recruited no reads from the peDNA fraction, the

region was considered absent and the MAG was labeled as an EV
producer (compare Fig. 6A Haliea sp. Station 158 SRF). In some (17
out of 200) cases, a clear assignment was not possible due to
inconclusive coverage profiles or contradicting GTA and prophage
predictions. These MAGs were labeled <unclear= and removed
from further analysis. We identified 11 MAGs that carried an
integrated and actively transducing provirus. Interestingly, a
Haliea sp. with a proviral region was identified that recruited
peDNA reads coming from one sampling station but none from
the other. However, the non-viral part of the genome recruited
high amounts of reads in both stations, albeit with lower coverage
in the station where the provirus was absent (Fig. 6B). We
hypothesize that there are two separate, distinct populations of
the same Haliea species at the two stations: one, with the provirus
integrated and actively transducing and one without the provirus.
The fact that DNA from the population without the provirus is
present in the peDNA fraction indicates that Haliea sp. transports
its DNA into the extracellular space differently. In the absence of a
GTA cluster, we hypothesize that Haliea sp. is capable of EV
production and EV-mediated gene transfer. This demonstrates
that transduction and EV-mediated gene transfer are not exclusive
mechanisms of HGT but can overlap.

Identification of known and novel EV producers reveals that
EV production is common amongst abundant marine bacteria
We identified 129 MAGs as EV producers. Most identified genera
are known EV producers: Marinobacter (n= 19), Alcanivorax [18],
Flavobacteria [9], Thalassospira [8], Rheinheimera [6], and Polar-
ibacter [3], are known to produce high amounts of EVs [38, 52].
The fact that most organisms we labeled as EV producers are

Fig. 5 Genome maps of four novel GTA producers. Organization of genes for the four identified, potentially novel GTAs, compared to the
GTA cluster of Rhodobacter capsulatus. ORF number is given above the map, encoded protein function is indicated below. Non-GTA encoding
genes are gray, GTA-associated genes are shown in red. In addition, core GTA encoding genes are colored accordingly. Encoding protein
function is given below: AT acetyltransferase, MBP membrane bound protein, TG transglycosylase, Pept phage cell wall peptidase, TMP
transmembrane protein, Hyp hypothetical, TAP tail assembly protein, TTP phage tail tube protein, MTP phage major tail protein, HTJ head-tail
joining protein, GP6 gp6-like protein, MCP major capsid protein, Prot proteinase, PPP phage portal protein.
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already known EV producers again supports the efficiency of the
approach. Interestingly, multiple MAGs of the genera Haliea
(n= 16) and Idiomarina (n= 8) were identified to be EV producers.
So far, EV production by either genus has not been described
elsewhere and experimental confirmation is needed. However,
this supports the observation by Biller et al., that many marine
heterotrophs are actively producing EVs. While EVs could be used
as a nutrient source [33, 38], or facilitate horizontal gene transfer
(HGT) within microbial communities [37] potentially contributing
to the evolution and adaptation of marine microbial populations,
future research should aim to clarify the ecological and evolu-
tionary role of EVs in the ocean.

The functional profile of peDNA links EV production to
transposon induced gene mobilization
The functional profile of <viromes= or peDNA has been assessed
previously [20, 53]. However, since these studies analyzed this
sequence space from a virus perspective, mainly focusing on
auxiliary metabolic genes (AMGs), they often excluded genes not
directly associated with viral genomes. Here, we analyzed the
functional profile of peDNA for each mode of transportation, EV-
and GTA-mediated gene transfer, and transduction. In brief, each
peDNA read that mapped to either an EV-, GTA producer or a
transducer was classified into a cluster of orthologous groups
(COG), and the resulting profile was then normalized with the

profile of microbial reads (corresponding metagenome) mapping
the respective sample (Fig. 7). The COG category <Mobilome
(Prophages, transposons)= was overrepresented in all three
groups. For transducers, this overrepresentation is mainly due to

Fig. 6 Coverage plots of identified GTA- and EV-Producers and MAGs containing an actively transducing phage (transducer). A Coverage
plots of 4 EV-producer, 2 genomes with an actively transducing phage and 3 GTA-producer (coverage blots of all analyzed MAGs see Fig. S12).
Active prophage regions are indicated with yellow bars. B Genome map and detailed coverage plot of identified prophage region. On top,
detailed coverage plot of the prophage region in two different samples. Coverage of reads from 122_MES (solid line) and Station 158_SRF
(dotted) differs for this specific region. Below, schematic genome map for the genes identified in the prophage region and their approximate
positions. Trans transposase, Term terminase, MCP major capsid protein, CP coat protein, Pol polymerase, SP shaft protein. C Coverage plot of
an actively transducing phage. Close up of the coverage of prophage region #8 of Marinobacter sp. and surrounding non-viral regions.

Fig. 7 Frequency of overrepresentation of clusters of orthologous
groups (COG) categories for peDNA assigned to EV- and GTA
producer and transducer. Bars represent the frequency of over-
representation of genes assigned to each category, for each type of
MAG (GTA producer, EV producer, transducer). Red bars indicate that
a higher percentage of genes belonging to this category showed
increased (two times standard deviation above mean) recruitment
rates of peDNA reads.
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an actively transducing provirus present in the peDNA. However,
the overrepresentation of the COG category <Mobilome= in GTA
and EV derived peDNA, is significant and we hypothesize, this is
due to the presence of transposons. In fact, 76% of all reads
assigned to the category <Mobilome= were assigned to a COG
cluster containing the term <transposase= (Fig. S8). We suggest
that transposon activity is also the reason for the overrepresenta-
tion of the other COG categories: <Extracellular structures=, <Signal
transduction mechanisms=, and <Cell motility=. All three categories
are associated with the adaptation of the organism to a changing
environment. Genes of these categories are often found on
<genomic islands= (GIs), highly variable and mobile regions on the
genome [54, 55]. At the same time, the occurrence of transposons
on GIs is well-documented. Transposons have been shown to
mobilize not only themselves but also adjacent <passenger genes=,
genes that are located in proximity to transposons and are
therefore co-mobilized by transposons [56]. Evidence shows that
environmental stressors increase the activity of transposons [57].
as well as the production of EVs [58], and the induction of
proviruses [59] and GTAs [27]. Increased transposon activity
increases the intracellular mobilization of genes surrounding
transposons and therefore could lead to an increased uptake into
EVs, GTAs or virus particles. Our data suggest that these two
stress-induced mobilization mechanisms may be linked in a way
that enhances the community9s adaptability to the environment,
by increasing genetic transfer between individual cells. However,
whether the transposons and associated genes are indeed
transferred in their complete active form or as fragments will
require experimental evidence.

CONCLUSION AND OUTLOOK
In this study, we propose the term <protected extracellular DNA=
(peDNA) to refer to genetic material obtained from size-filtered
and DNase-treated samples, thereby accommodating non-viral,
EV- or GTA-transported DNA in that sequence space. So far, there
is no known sequence marker to distinguish horizontally
transferred DNA from cellular DNA, therefore the removal of
contaminating cells and free DNA is crucial when analyzing
peDNA samples. The level of contamination however, should not
be assessed using the presence of ribosomal subunit-mapping
reads, since EVs have been shown to transport 16/18S rRNA genes.
In our study, we analyzed a carefully purified marine sample of

peDNA and existing global marine datasets. We were able to link
peDNA sequences to potential hosts and identify their primary
mode of DNA transfer. Among the identified GTA and EV
producers, most were shown to produce the respective particles
in previous studies, confirming the validity of our approach,
however, new potential GTA and EV producers were also
identified. Overall, EV-mediated gene transfer was the most
common mechanism and we hypothesize that EVs are a main
driver of HGT in the ocean. Lastly, our findings suggest that EV-
mediated gene transfer and transposon induced gene mobiliza-
tion potentially work together and enhance the ability of microbial
communities to adapt to a changing environment. Given the
considerable ecological stressors imposed by climate change,
comprehensive investigations into the role of EVs, GTAs and
viruses for HGT is essential to understand genetic adaptability in
marine microbes. This study highlights the need for further
research into HGT mechanisms, and peDNA in general, since the
community composition and function of marine microbes, and
therefore the global oceans, is strongly shaped by the abundance
of protected viral and non-viral extracellular DNA.

METHODS
Sampling and filtration
A visual overview of the sampling and filtration methods is given in Fig. S6.

Three seawater samples (G, H, I) of 100 liters were collected off the shore of
Helgoland at the sampling station <Kabeltonne= (54°11'02.49N 7°53'49.29E).
Each sample was sequentially filtered through 10, 3, 0.8, 0.45 and 0.22 µm
(polyethersulfone filters, Merck Millipore, Burlington, MA, US). Filters were
immediately stored at −20 °C for later DNA extraction. Flow through of the
0.22 µm filters was subsequently concentrated using tangential flow
filtration with a 100 kDa cassette (Sartorius Stedim). The concentrated
samples were stored at 4 °C, until further concentration down to 0.5ml, using
Amicon filter centrifugation (1MDa AmiCon tube filters, 2500 × g). Finally,
the concentrated sample was diluted with purified seawater (flow-through
from the tangential flow filtration) to 2ml. Two aliquots were created for
each sample á 0.5ml, one treated with DNase before gradient purification,
one treated afterwards (see <Purification of peDNA samples=).

Purification of peDNA samples
In order to remove free DNA, half of the samples were incubated with 100
U/ml DNase I (Thermo Scientific), supplied with the buffer provided with
the enzyme, at 37 °C for 10min, while the other half were DNase-treated
after density gradient purification. EDTA was added to a final concentration
of 5 mM and the enzyme was deactivated at 75 °C for 10min. CsCl density
gradients were prepared as following: Five CsCl solutions were prepared
with 25, 30, 35, 40 and 60% CsCl solved in artificial sea water (480mM
NaCl, 27 mM MgCl2, 2.8 mM MgSO4, 9 mM KCl, 6 mM NaHCO3, 10 mM
CaCl2) [60]. For each gradient, 1 ml of each solution was carefully layered
on top of each other and stored at 4 °C overnight in order to establish the
gradient. 0.5 ml of sample was carefully placed on top of the samples,
before ultracentrifugation (20 h, 38,000 × g, 4 °C). For each gradient,
individual 0.5 ml fractions were carefully extracted and incubated with
40% PEG 6000 (final concentration 10%) overnight at 4 °C. Particles were
precipitated by centrifugation (13,000 × g, 45 min, 4 °C) and particle pellets
dissolved in 1 ml artificial sea water. The other half of the samples were
DNase-treated at this time point. A detailed overview of the samples is
given in Table S1 and a visual overview in Fig. S7.

DNA extraction
Frozen polycarbonate filters (3, 0.8, 0.45 and 0.22 µm) were placed in a
50ml tube together with 13.5 ml of extraction buffer (100mM Tris-HCI pH
8.0, 100 mM EDTA pH 8.0, 100mM Na-Phosphate buffer pH 8.0, 1.5 M NaCI,
1% CTAB). peDNA samples were processed directly. DNA was extracted as
described elsewhere [61]. In brief, samples were treated with 10mg/ml
Proteinase K and incubated at 37 °C for 30min on a shaker. Then, 1/10 vol
of 20% SDS was added, before incubating again at 65 °C for 2 h on a
shaker. After centrifugation (53,000 × g, 10 min, RT), the samples were
transferred into a new tube and 1 vol of chloroform/isoamylalcohol was
added and samples were thoroughly mixed, before centrifuging at
4000 × g for 20 min at RT. The aqueous phase upper phase was collected
and transferred into a new tube. This step was repeated until no protein/
polysaccharide layer was visible. DNA was then precipitated by adding 0.6
vol isopropanol and incubation for 1 h at room temperature. DNA was
pelleted at 53,000 × g for 10min at RT washed with 1ml cold (4 °C) 80%
ethanol and resuspended in 60 µl 1x TE buffer overnight. DNA concentra-
tion was assessed using a spectrophotometer (DS-11 FX+ by DeNovix®,
Wilmington, DE, US), see Table S1.

Sequencing
DNA samples were pooled according to Table S1, assuring enough DNA
content per sample for successful sequencing. Library preparation (FS DNA
Library, NEBNext® Ultra™, Ipswitch, MA, US) and sequencing (Illumina
HiSeq2500 by Illumina, San Diego, CA, US, 2 × 250 bp for peDNA samples
and Illumina HiSeq3000, 2 × 150 bp for Filter DNA) was performed at the
Max Planck Genome Centre Cologne (MP-GC).

Read trimming and assembly
Paired-end reads from Heligoland EV enrichments were trimmed using
Trimmomatic [Bolger 2014] in paired-end mode, with the parameters
LEADING:8 TRAILING:8 SLIDINGWINDOW:5:24 MINLEN:50. Paired-end reads
from EV Enrichments [33] and paired-end reads from GDOCB [45] were
trimmed using bbduk.sh, part of the BBTools suite [62] with the following
parameters: bbduk.sh qtrim= rl trimq= 20 maq= 20 minlen= 30 ordered
t= 8 ref= adapters.fa, where adapters.fa were fasta files containing
adapters identified to be present in the reads using FastQC [63]. Reads
from Heligoland EV enrichments were assembled using metaSPAdes [64]
with default parameters.
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Handling of external data
External datasets were downloaded from public servers. An overview of
external datasets used in this study, with SRR, ERS and DRR accessions, is
given in Table S1. Reads from Tara Ocean viromes [17] were already
trimmed. Reads from EV enrichments [33] and GDOCB viromes [45] were
assembled using metaSPAdes [64] with default parameters. For Tara
Oceans viromes, assembled contigs were downloaded from https://
www.ebi.ac.uk/. Tara Oceans MAGs were published elsewhere by Tully
et al. [65], accessions are listed in Table S1.

Calculation of SSU alignment rates
SSU alignment rates were calculated using ViromeQC [19], which maps
input reads against 16S and 16S rRNA subunits. This was done for all Tara
Ocean viromes, Heligoland peDNA, EV enrichments (see Table S1 for an
overview of all samples used).

Calculation of the percentage of non-viral associated reads
The percentage of non-viral peDNA in viromic samples was calculated with
a pipeline of bioinformatic tools. An overview is given in Fig. S1. Paired-
end, trimmed input reads were assembled. Contigs shorter than 2000 bp
were removed from downstream analysis. Then, contigs were subject to
two viral-prediction steps: viral sequences were predicted (1) using a
combination of VirSorter2 and CheckV as described previously [66] and
(2) DeepVirFinder [16]. The results of both steps were summarized using a
custom script (https://github.com/dluecking/peDNA_custom_scripts/) and
each contig was labeled as either <viral= or <non-viral=. Then, the initial
input reads were mapped against labeled contigs, using bbmap.sh, part of
the BBTools suite [62] with default parameters. Then the number of non-
viral-contig mapping reads was divided by the number of total reads
mapping against viral or non-viral contigs. This ratio of non-viral/viral reads
is referred to as <percentage of non-viral to viral associated reads= or
<nvpeDNA/peDNA read ratio= in this study.

Identification of potential transducers, extracellular vesicle-
and gene transfer agent producers
In order to identify potential EV producers, GTA producers and MAGs with an
actively transducing virus, a second bioinformatic pipeline was developed
(see Fig. S5). First, MAGs were filtered by removal of MAGs shorter than
100,000 bp. Then, reads from the corresponding viromes/peDNA samples
were mapped against the MAGs, using bbmap.sh with default parameters.
For each sample (in total 9 samples from Tara Oceans, 1 combined
Heligoland sample) the 20 most recruiting MAGs were selected for further
downstream work. VirSorter2 (default parameters) was used in order to
predict potential integrated proviruses. GTA clusters were predicted by
searching for homologs of proteins of known GTA clusters using diamond
blastp with default parameters (evalue ≤10−5, pident > 50%). Finally, a
customscript (https://github.com/dluecking/peDNA_custom_scripts/) sum-
marized the results and an automated label was given. Additionally,
each label was manually curated and each MAG was labeled as either EV
producer, GTA producer or an organism with an actively transducing virus
(see Figs. S5 and S6).

Annotation of GTA producers and viral regions
Open reading frames were predicted using prodigal with the metagenome
flag (prodigal -i < fasta-file > -d < genes-out > -a <protein-out > -p meta).
Each ORF was then annotated using the InterProScan API (https://
github.com/ebi-wp/webservice-clients-generator) with default parameters
[67] and additionally checked manually. For the prophage region, shown in
Fig. 6, the DNA sequence was submitted and annotated in PHASTER
[68, 69]. Genome maps and presence-absence plots were generated using
ggplot [70] and BioRender.com.

Identification of cluster of orthologous groups
In order to assess the functional profile of peDNA reads, each read was
mapped to the 170 MAGs for which the primary transport mechanism was
identified using bbmap, part of the BBTools suite [62] with minid= 95 and
otherwise default parameters. This resulted in three sets of reads: EV-
mediated, GTA-mediated, VLP-mediated. For each read partial ORFs were
predicted using FragGeneScan [71] with the parameters -complete= 0,
-train= illumina_5 and otherwise default parameters. The partial ORFs
were then blasted against the COG database [72] using the diamond tool

set [73] with the following parameters: -f 6 –max-target-seqs 1 –query-cover
80 –subject-cover 10. Each read was then assigned a COG cluster and
consequently a COG category. For each category, the relative abundance
was calculated using:

freqcat ¼
nhc

ntot

where n_hc is the number of reads in category cat that show high
coverage and n_tot is the total number of reads assigned by this label. The
same procedure was done for metagenome reads of the corresponding
metagenome samples (see Supplementary Table S14Sample overview).
The fold change between categories was calculated pairwise with the
formula:

fold change
ecat�label ¼ freqcat�label

fre
qcat�microbial

where cat refers to a specific COG category, label to either EV, GTA or
virally transduced and microbial to the microbial counterpart of that
sample. For visualization reasons, fold changes smaller 1 were calculated
with the reversed formula:

fold changecat�label ¼ fre
qcat�microbial

fre
qcat�label

Fold changes between −1 and 1 are therefore not possible and this area
is excluded from the plot.
In order to get a detailed resolution of EV-mediated reads belonging to

COG category × -Mobilome a subset of 10 million reads for each sample (9
Tara Ocean stations and 1 sample from heligoland) were selected at
random. From these, ~11M protein fragments were predicted and blasted
against nr with an e-value threshold of 10−5, query coverage >80%, subject
coverage >10%, resulting in a total of 34,826 assigned reads. The results
were visualized in R.

Identification of transposable elements on EV producing
genomes
Putative EV producing MAGs were annotated using DRAM (Distilled and
Refined Annotation of Metabolism, https://github.com/WrightonLabCSU/
DRAM), [74]. Transposases were then detected using the regex term
<IS\\d\\+*|Tn\\d\\+*|attTn\\d\\+*|transposase|Transposase= among all
annotations found.

Coverage plots, genome maps and schematic figures
Coverage plots of potential transducers, EV- and GTA producers were
created using the R package ggplot2 [70]. Genome maps of potential GTA
producers were created using the R package gggenes (https://github.com/
wilkox/gggenes). Schematic genome maps and additional elements in
figures were created with BioRender.com.

DATA AVAILABILITY
Heligoland metagenome and peDNA reads are available at the European Nucleotide

Archive (ENA) under BioProject PRJEB60526. Custom scripts are available at https://

github.com/dluecking/peDNA_custom_scripts/.
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Chapter 5

Discussion and Outlook

This thesis contributes to ongoing efforts to comprehend the mechanisms that shape the

intricate web of life. In Chapter 2, we successfully identified 40 novel pR1SE-like plasmids,

subsequently termed archaeal plasmids of Haloarchaea potentially transferred in plasmid

vesicles (apHPVs). We analyzed their genetic organization and found hints that reinforce

and expand the model of their life cycle. Lastly, through the use of gene-sharing networks,

we established that apHPVs connect archaeal viruses and plasmids and are, therefore,

important drivers of genomic flexibility in Haloarchaea. In Chapter 3, I summarized the

current state of the bioinformatic virus and plasmid identification and the challenges asso-

ciated with identifying EV-mediated HGT. These challenges were then successfully tackled

in Chapter 4, where we developed a bioinformatic method to identify EV-mediated HGT in

carefully curated metagenomic datasets. In this pioneering work, we established the term

protected extracellular DNA (peDNA) to describe the sequence space traditionally termed

‘virome’. This shift in nomenclature was supported by the finding that the sequence space

of peDNA contains strong signals of HGT outside of virus-induced transduction. In the

environments analyzed, DNA transfer in extracellular vesicles appeared as a major driver

of HGT.

5.1 Evolutionary and ecological implications of apHPVs

The first definition-breaking entity in this thesis is a type of plasmid that showed a hybrid

set of plasmid- and virus-like characteristics. The plasmid pR1SE of the halophilic archaeon

Halorubrum lacusprofundi was first discovered by Erdmann et al. (Erdmann et al. 2017).

In Chapter 2, we searched public databases in addition to metagenomes of Australian salt

lakes for pR1SE-like elements, named apHPVs. Erdmann et al. proposed a pR1SE life

cycle of repeated insertion and excision events (Erdmann et al. 2017). In Chapter 2 we

suggest that the discovered apHPVs follow a similar lifestyle and are capable of transferring

significant (up to ∼250 kbp) amounts of host DNA. We describe the genomic organization

of apHPVs into a core region and an extended, hyperflexible region of assimilated host

material. The core region is organized into two conserved gene clusters (1 and 2). Two key

questions follow these observations. First, are the non-core, hyperflexible regions of apH-

PVs recruited in a single integration and excision event, or are they the result of multiple

sequential replication cycles? Second, do all apHPVs that are present at the same time
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in a given environment look alike, or are they in fact, in different ‘stages’ of their cycles?

It seems very unlikely that all different apHPVs within a population have picked up the

same genetic host material at a given point in time. Therefore, we have to assume that the

recovered apHPV just represents the most common configuration of all apHPVs. Unsur-

prisingly, we detected cases where assembly tools failed to connect gene cluster 1 and gene

cluster 2 based on short read data, potentially a direct result of a broad spectrum of dif-

ferent apHPV configurations co-occurring. At the same time, the coverage of successfully

assembled apHPVs showed no irregular or strikingly uneven patterns, though we could only

verify this for a few examples (unpublished data). While we could speculate further and

conduct additional analysis on the existing short-read data, using long-read data would sig-

nificantly improve our ability to answer the questions at hand. In fact, for some datasets

from which apHPVs were recovered, long-read PacBio sequences are publicly available.

For example, when sequencing the samples of Australian salt lakes, additional long-read

data was generated for Lake Gairdner and Lake Tyrell (unpublished). The analysis of

the data at hand seems self-evident and could guide future resequencing efforts. However,

even PacBio reads (average read length of 4.8Mbp and 5.6Mbp for Lake Eyre and Lake

Tyrell) might prove to be too short to provide a comprehensive overview of a population of

apHPVs. Therefore, using ultra-long Oxford Nanopore©sequencing techniques with read

lengths exceeding the average length of apHPVs might be required. This would circumvent

most assembly-related problems and enable a ‘one-read-one-apHPV’ representation of the

apHPV population at hand. Another consequence of the proposed apHPV life cycle is the

shedding of large fragments of host DNA once the length of the entire plasmid exceeds a

size threshold. It is unclear which specific mechanism limits the packageable size, however,

the discovered non-integrated apHPVs did not exceed ∼270Mbp, Transmission electron

micrographs suggest a relatively narrow size range of PVs (∼100 nm), especially compared

to EVs (Erdmann et al. 2017; Deatherage and Cookson 2012). This could limit the size of

the packageable DNA molecule, similar to viral capsids (Bárdy et al. 2020). Irrespective of

the limiting factor, the frequent shedding of large fragments of DNA might be a potential

explanation for the increased number of plasmids in Haloarchaea in general. However, as

discussed in 2, the direction of the hypothesized causality is unclear, as it seems conversely

plausible that MGEs like apHPVs would preferably emerge in an genomic context which

provides multiple insertion, excision and recombination opportunities. The genomic orga-

nization of apHPVs into two disjunct gene clusters is discussed in 2. We propose that gene

cluster 1 might be primarily involved in plasmid vesicle (PV) formation, while gene cluster

2 could be responsible for packaging. Strikingly, we found many occurrences of contigs that

contained only cluster 1 and only a single instance of a contig with cluster 2, for which we

could rule out incomplete assembly. The reason for this apparent disbalance is unclear.

Potentially, gene cluster 1 can act as an independent and stable MGE. It seems possible

that gene cluster 2 only improves the efficiency of packaging and, therefore, dissemination

of the plasmid. However, without strong experimental data, this remains speculation. A

potential experiment could be the infection of an apHPV-free strain with a synthesized or

otherwise obtained version of each gene cluster, which then could prove the stability of the
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single clusters.

5.2 The platinum age of bioinformatic MGE detection

In Chapter 3, current tools for the detection of mobile genetic elements and forms of hor-

izontal gene transfer are reviewed. Additionally, the challenges of detecting EV-mediated

gene transfer are elaborated. Despite all the advances in the field, the detection of MGEs,

for which no homologs in annotated databases are currently available, i.e. completely un-

known types of MGEs1, will continue to pose a challenge. While pattern-based detection

approaches per se are reference-independent, they must be trained on known sequences.

Therefore, detecting MGEs for which no relatives are described and whose sequence char-

acteristics do not match currently known patterns still seems impossible. Innovative use

of host information and experimental setups, e.g. as described in two recent studies, al-

lows the bioinformatic discovery of entirely novel MGEs (Durrant et al. 2020; Hackl et al.

2023). Even though these workflows are not traditional ‘detection tools’, their poten-

tial to detect the first representatives of a novel class of MGEs is immense. Paired with

ever-growing sequence databases, improved generalized and specialized detection tools and

growing computational power, the future of bioinformatic MGE and HGT detection seems

bright. Despite the power of bioinformatic analyses, bioinformatics alone is not enough

to get the complete picture. The continuous accumulation of in vivo results from rigor-

ous and meticulous experimentation is absolutely fundamental to supporting bioinformatic

findings. Nevertheless, as A. Babaian (University of Toronto) said at the Gairdner Science

Week International Symposium 2023,

»We might just be entering the ‘platinum age’ of bioinformatic virus discovery2«,

and I am highly inclined to agree and expand that notion to other types of MGE and HGT

events in general.

5.3 Insights on horizontal gene transfer mechanisms in the

ocean

In contrast to the described tools for the detection of viruses, plasmids and other MGEs, the

detection of EV-mediated HGT demands conceptually different approaches, as described

in Chapter 4. We showed that by linking transported sequences to their potential host

and predicting the main mechanism of HGT for this host (transduction, EV-mediated and

GTA-mediated HGT), the impossibility of EV-mediated HGT detection could be circum-

vented. We applied the developed pipeline to large marine datasets and demonstrated the

1Often, sequences for which no homologs are currently available, but still are just out there, are re-
ferred to as ‘microbial/viral dark matter’ (Krishnamurthy and Wang 2017; Santiago-Rodriguez and Hol-
lister 2022). However, I agree with Prof. Dr. Erens explanation why this is, while certainly catchy,
a very poor term. In physics, dark matter refers to a categorically different type of matter, matter
that’s unlike anything known and not just undiscovered, but for all we know very common sequences
(https://merenlab.org/2017/06/22/microbial-dark-matter/).

2The Future of AI in Science and Medicine - Gairdner Science Week International Symposium 2023 -
https://www.youtube.com/watch?v=mPUM-adhXd8
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prevalence of DNA exchange via extracellular vesicles in the global oceans. While the devel-

oped approach certainly has its biases and pitfalls, it pioneered a bioinformatic perspective

to EV-mediated HGT and introduced a new nomenclature, by questioning the established

term of ‘virome’ and proposed protected extracellular DNA (peDNA) instead. One sig-

nificant limitation of the approach remains the dependence on contamination-free peDNA

datasets. Undegraded free DNA and DNA from lysed host cells introduce a significant

bias into the amount of peDNA in the environment. Furthermore, the pipeline analyzes

the top peDNA-recruiting hosts, or in other words, it selects hosts for further analysis,

that seemingly contribute a lot of DNA to the protected extracellular space. Therefore,

the predictive power of the approach for assessing the composition of HGT mechanisms

within a given microbiome diminishes with the degree of contamination. Conceptually,

the presented approach uses a process of elimination when assigning HGT mechanisms

to hosts. This means that any underestimation of transduction and GTA-mediated HGT

will lead to an overestimation of EV-mediated HGT. Similarly, any unknown but active

HGT mechanism will skew the results towards EV-mediated HGT. However, until a more

complete set of EV formation associated genes has been established, which would allow for

a direct approach, the presented results represent the best estimation of the composition

of HGT-mechanisms. A more tangible, short-term improvement to the pipeline would be

automating the manual curation steps, e.g. the automatic detection of transduction pat-

terns would greatly improve scalability and applicability. Future studies could then analyze

larger datasets and datasets from understudied environments, e.g. freshwater systems, in

regards to EV-mediated HGT. This would reduce the bias introduced by selecting only

top peDNA-producing hosts since this would allow the analysis of all peDNA-producing

hosts. Additionally, by comparing the HGT-mechanism composition across biomes or even

gradients within the same biomes, we could validate the findings by cross-referencing the

observed trends with known drivers of e.g. community composition (Gregory et al. 2019).

For example, EV-mediated HGT could become relatively more abundant along a stress

gradient, as Biller et al. demonstrated that EV formation correlates with stressors (Biller

et al. 2022). The results presented in this work, based on the presented approach, already

indicate the importance of EV-mediated HGT, however, the discussed improvements would

significantly enhance the predictive power of the approach.

5.4 Blurring the lines of entities and revisiting nomenclature

The main findings of this thesis demonstrated the need for the continuous evolution of exist-

ing nomenclature and classification schemes. Identifying extracellular vesicles as abundant

and an impactful driver of HGT required the introduction of a novel term in order to fully

describe the sequence space of protected extracellular DNA (peNA, Chapter 4). Discov-

ering pR1SE-like elements widespread in haloarchaea resulted in a novel class of MGEs

with a hybrid set of viral- and plasmid-like characteristics. It remains unclear where apH-

PVs should be placed in a binary either-or classification scheme (virus or plasmid) and

reinforces the need for spectrum-like classification schemes, as visualized in Figure 1.3

(Koonin et al. 2021). Indeed, one could easily imagine tracing the evolutionary trajectory
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of an MGE through this replicator space. This hypothetical MGE could recruit a viral

capsid protein, thus entering the perivirosphere. Subsequently, the same MGE could be

recombining with parts of a plasmid, again moving through the replicator space into e.g.

the definition set of phage-plasmids (Pfeifer et al. 2021). In fact, while the literal trac-

ing of a specific MGE remains hypothetical, as the replicator space remains an abstract

conceptual space for now, scientists unraveling the evolutionary history of an MGE trace

its trajectory through this abstract space. MGEs are particularly susceptible to drastic

changes for at least two tangible reasons. First, due to their limited number of genes,

HGT events provide a relatively more significant impact. Second, the complexity of MGE

genetics, i.e., the number of interactions of each protein, is significantly lower compared

to cellular organisms, and complexity has been shown to negatively impact the likelihood

of successful HGT events (Burch et al. 2023), making MGEs the perfect target for HGT

events. It is, therefore, unsurprising that the functional potential of MGEs is leveraged

by host organisms and vice versa. The existence of GTAs and apHPVs demonstrates this

bidirectional exchange. GTAs putatively resemble defective or domesticated viruses, whose

gene transfer capabilities were recruited by the host in order to provide genomic flexibility

(Lang et al. 2012). Fittingly, the evolution of different GTA clusters putatively was not

based on vertical transmission but appears to result from horizontal gene transfer events.

Conversely, it is hypothesized that apHPVs have recruited the hosts’ capabilities to pro-

duce protected vesicles to increase the efficiency of their own transmission (Erdmann et al.

2017; Lücking et al. 2023). However, in both cases, the subject remains a matter of per-

spective: It is similarly reasonable to rephrase the emergence of apHPVs as ‘haloarchaea

improved the efficiency of EV-mediated HGT by recruiting pR1SE-like plasmids, in order

to increase their genomic flexibility’. In doing so, apHPVs moved within the replicator

space, while GTAs can no longer be considered as independent replicators.

5.5 Blurring the boundaries of life

Equivalent to the evolutionary trajectories of MGEs, the evolution of organisms can be

understood as a movement on a fitness landscape, an abstract space of high and low

reproductive success (Lobkovsky et al. 2011). Similarly to the placement of an MGE within

the replicator space, the placement of a given taxonomic unit is not defined by discrete

positions within that landscape but instead can be seen as a continuum of possible states.

Particularly, species with a high genomic flexibility and an expanded pangenome, e.g.

species of Haloarchaea, are challenging to place at a single distinct position in this abstract

space (Papke et al. 2015; Tschitschko et al. 2018). In fact, organisms (and organelles) can

be placed into the same replicator space, even though they are positioned distinctly outside

the spaces discussed so far (Koonin et al. 2021). The complete replicator space therefore

comprises spaces for organisms, organelles and all types of MGEs. Furthermore, recent

studies described genetic elements for which an exact placement in either the extended

virosphere or the sphere of living organisms is challenging. Giantviruses express traits

typically associated with living organisms (Schulz et al. 2022), Borgs are exceptionally

large linear plasmids in Methanopredens that provide crucial metabolic pathways to their
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host (Al-Shayeb et al. 2022), and megaplasmids carry large amounts of accessory genes and

possess selfish traits, bridging the gap between regular plasmids and chromids or secondary

replicons (Hall et al. 2021). These elements blur the boundaries between organisms and

parasitic elements, living and non-living things, and, therefore, life itself. Hence, it is crucial

for scientists describing the vast complexity of life to develop helpful abstract concepts and

practical nomenclature, and at the same time, be aware of the underlying fluidity and

definition-breaking character of life.
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Figure S1: Overview of HMM profile generation for each ORF.
Details are given in method section 2.2. In brief, each ORF and homologs were iteratively
blasted against NR, an alignment was created and curated. Then an iterative HMM search
against NR and Australian Salt Lake proteomes was performed, inflating the HMM profiles.
Each alignment was manually inspected before the next iteration. Sequences that were
removed in one of the inspections, were added to an 8accession blacklist9, which excluded
them from being added again at a later iteration.
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Figure S2: Flexible region of apHPVs.
Number of inserted genes and size (bucket size 500 bp) of the insert between cluster 1

(ORF6-9) and cluster 2 (ORF17-25) of 41 apHPVs.
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Figure S3: Expanded view of core protein clusters.
Presence-absence plot of protein clusters (columns) in different apHPVs (rows), in contrast

to Figure 1 in the manuscript, the protein clusters of ORF6, 8, 10, 21, 23 and 24 are

expanded.
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Figure S4: Foldseek alignments of selected core-proteins of apHPVs.
Selected examples of foldseek alignments of core proteins (blue) with publicly available
protein structures (yellow). RMSD values and TM-scores are indicated on top. Detailed
search results are documented in Table S2.
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Figure S5: Predicted structure of ORF6 of pR1SE
Visible is a WD40 domain (IPR001680) at the N-terminus, found in ~56 % of all ORF6
homologs. Prediction was done using AlphaFold, color indicates pLDDT values.
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Figure S6: Extended arrays of antiparallel beta sheets in ORF6
Visible is a WD40 domain (IPR001680) at the N-terminus of the ORF6 homolog of apHPV
BBJN01000020.1. Prediction was done using AlphaFold, color indicates pLDDT values.
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Figure S7: C-Terminus of four selected ORF6 homologs
Four examples of the C-terminus of ORF6 homologs, composed of multiple arrays of
antiparallel beta sheets facing each other. Prediction was done using AlphaFold, color
indicates pLDDT values.

Additional Supplementary Material
Table S1 - Accessions of proteins used for the initial search of homologs, minimum score
and alignment length for the searches for each ORF
Table S2 - Foldseek results of ORF8, 9, 17, 21, 23 and 24.
Table S3 - apHPV overview, overview of all complete and incomplete discovered apHPVs,
including: accessions, taxonomy, GC content, lengths, core-region position, circularity,
defense systems.
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Appendix B

Extracellular vesicles are the main

contributor to the non-viral

protected extracellular sequence
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 Supplementary Material  

 

Supplementary Material 1 

 

Figure S1: Pipeline 1 - Calculation of <non-viral / viral read ratio= or <percentage of 

non-viral associated reads=. 2 

Figure S2: Pipeline 2 -  Identification of potential EV-, GTA producers and 

microbes with actively transducing virus. 3 

Figure S3: MAG abundance in metagenomes versus virome/EV-enrichment. 4 

Figure S4: Decision making logic for the identification of potential EV-, GTA 

producers and microbes with actively transducing virus. 5 

Figure S5: Coverage plots (separate pdf file)                                                         

Figure S6: Overview of the sampling and purification workflow. 6 

      Figure S7: Overview of sequencing effort of CsCl-gradients.       7 

Figure S8: Detailed resolution of transposon-mapping reads per category. 8 

 

Table S1: Overview of sheets in Table S1 (separate xlsx file)                                     9 
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2 

 

Figure S1: Pipeline 1 - Calculation of <non-viral / viral read ratio= or <percentage of non-

viral associated reads=.  

Schematic overview of the bioinformatic pipeline in order to calculate the percentage of non-

viral associated reads within a given virome / EV enrichment. Reads were trimmed, assembled 

into contigs and short contigs removed. Each contig was labeled as <viral= or <non-viral= based 

on the results of virus prediction tools. Finally, the input reads were mapped against the contigs 

and the ratio between viral-mapping and non-viral-mapping reads was calculated.  
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3 

 

Figure S2: Pipeline 2 -  Identification of potential EV-, GTA producers and microbes with 

actively transducing virus.  

MAGs shorter than 100 kbp were removed. peDNA reads were mapped against each MAG 

and the 20 most peDNA-recruiting MAGs were selected for further analysis. Each MAG was 

subsequently scrutinized for the presence of a prophage or a GTA cluster and subsequently 

labeled as either GTA producer, EV producer or transducer using an in-house custom script 

and manual curation (decision making logic, see Figure S6). 
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4 

 

Figure S3: MAG abundance in metagenomes versus virome/EV-enrichment.  

Number of virome reads recruited on the x-axis, number of metagenome reads recruited on 

the y-axis, per MAG. R^2 = 0.003391 calculated using linear regression.  
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Figure S4: Decision making logic for the identification of potential EV-, GTA producers 

and microbes with actively transducing virus.  

A MAG was labeled as <GTA producer= if >10 GTA associated genes were detected and no 

provirus was found. If <10 GTA genes and no provirus was found, the MAG was labeled <EV 

producer=. If both a provirus was detected and >10 GTA genes, the MAG was labeled 

<unclear=. If a provirus was detected, the coverage plot was scrutinized for manual inspection 

and decision making. If the viral region was <absent=, the MAG was labeled <EV producer=. If 

the viral region showed an increased coverage above the region, it was labeled as 

<Transducer=. For unclear cases, the exact annotation of the viral region was analyzed and 

manually curated and combined with the coverage plot. Based on this information, the MAG 

was labeled either as <unclear= or <Transducer=.     

 

See file: Figure S5 - Coverage Plots 

Figure S5: Coverage plots (Separate pdf file)  
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Figure S6: Overview of the sampling and purification workflow.  

For details refer to the section <Methods - Sampling and Filtration=. In brief: Samples were 

sequentially filtered, concentrated using tangential flow filtration, further concentrated using 

amicon filter tubes, DNase treated, gradient purified using CsCl gradients. DNA from 

bands/fractions was extracted and sequenced.  

DNA from the 3 µm, 0.8 µm and 0.22 µm filters was extracted and sequenced as well.  
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Figure S7: Overview of sequencing effort of CsCl-gradients.  

Schematic overview of the samples used in this study. Samples marked with a + are treated 

with DNase, samples marked with a - are untreated. Sample names G, H and I refer to 3 

different biological replicates (see Sampling and Filtration chapter). If bands were visible, 

bands were extracted and sequenced. If none were visible, fractions of 0.5 ml were extracted 

and sequenced.  
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Figure S8: Detailed resolution of EV-mediated reads belonging to COG category X - 

Mobilome 

Resolving the cluster affiliation of single ev-mediated peDNA reads. Clusters are colored cyan, 

if their cluster description contains the term <transposase=. Non-transposase clusters are 

colored red. This is based on 200 M reads of which ~12.7 M mapped to MAGs identified as 

EV-producing. For these, ~11 M protein fragments were predicted and blasted against nr with 

an e-value threshold of 10-5, query coverage > 80%, subject coverage >10%, resulting in a 

total of 34826 assigned reads.  
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Table S1: File - Table S1.xlsx 

Overview of sheets given in Table S1: 

Sheet Description 

"Sample Overview" 

Overview of all sea water samples analyzed. Information on sample 

processing and sequencing result 

"peDNA/virome Datasets" 

Run/Sample accessions for all 4 external peDNA/virome datasets used in 

this study 

"Tully MAGs" Overview of MAGs used in this study coming from Tully et al 2018 

"Orellana MAGs" Overview of MAGs used in this study coming from Orellana et al 2019 

"top200 MAGs" Summary of the top 200 peDNA-recruiting MAGs 

 

106 APPENDIX B. CHAPTER 4 - EV-MEDIATED HGT



Figure S5 - Coverage Plots
Binned (bin size = 1000 bp) coverage plots of all analyzed MAGs.
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