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Summary 

Plasmid vesicles (PVs) are a novel class of vesicles that cross the divide 

between horizontal gene transfer in extracellular vesicles and targeted trans-

fer of nucleic acids by selfishly replicating viruses. The archaeal plasmid 

pR1SE is enclosed and propagated through PVs containing both host-de-

rived and plasmid-encoded proteins. PVs thus display a distinct morphology 

compared to the extracellular vesicles produced concurrently by the host. 

Infection of plasmid-free host cells occurs without direct cell-to-cell contact. 

Dissemination by PVs has only been described for the pR1SE plasmid to 

date. Its unique characteristics separate it from previously described dissem-

ination mechanisms of other non-viral mobile genetic elements. This virus-

like lifestyle supports the evolutionary connections between viruses and plas-

mids and marks PVs out as potential evolutionary precursors to viruses. 

 

This dissertation is part of a continued effort to characterize pR1SE and PVs 

to better understand this unique interaction between cells and mobile genetic 

elements. In Chapter I, I describe our successful improvement of the genetic 

system in Halorubrum lacusprofundi, the only currently known producer of 

PVs. This system allowed detailed investigations into the PV life cycle by the 

deletion of targeted genes in the host, as demonstrated in the following chap-

ters. We showed that PV stability is negatively affected (Chapter II) when 

the host machinery responsible for the posttranslational modification of pro-

teins with polysaccharides is impaired. Detailed tracking of intracellular 

pR1SE replication and PV production after infection of a new host revealed 

strong similarities between the infection cycles of pR1SE and actively repli-

cating viruses infecting the same host. This research was expanded to the 

analysis of the lipid composition of vesicles produced by Hrr. lacusprofundi, 

and comparison to a related organism Haloferax volcanii (Chapter III). 
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We showed that the vesicles of both organisms are selectively enriched in 

specific lipid species. This suggests common patterns of physical processes 

at the cell membrane during the formation of vesicles and membrane-envel-

oped viruses in halophilic archaea. Chapter III also includes a description of 

the archaeal vesiculating GTPase enzyme, which is a critical component of 

the vesicle formation machinery in H. volcanii. Based on this work, we could 

show that deletion of this gene also alters the extracellular vesicle formation 

in Hrr. lacusprofundi (Chapter IV). Finally, we also confirmed that PV pro-

duction is independent of the machinery of GTPase-driven production of ex-

tracellular vesicles by the host. 

 

The results presented in this dissertation provide valuable new insights into 

the life cycle and host dependency of PVs and set them into a broader con-

text with the vesicles that are produced with PVs, and the viruses that infect 

the same organism. This allows us to better consider the position pR1SE 

occupies within the total diversity of mobile genetic elements and provides a 

potential template for future research into unique mobile genetic elements in 

archaea.  
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Zusammenfassung 

Plasmidvesikel (PVs) sind eine neue Klasse von Vesikeln, die die Grenze 

zwischen dem horizontalen Gentransfer in extrazellulären Vesikeln und dem 

gezielten Transfer von Nukleinsäuren durch egoistisch replizierende Viren 

überschreiten. Das archaeelle pR1SE Plasmid verbreitet sich 

eingeschlossen in PVs, die sowohl vom Wirt stammende als auch vom 

Plasmid kodierte Proteine enthalten. PVs unterschieden sich daher 

morphologisch von den extrazellulären Vesikeln, die oft zur gleichen Zeit 

vom Wirt produziert werden. Die Infektion von pR1SE freien Wirtszellen 

erfolgt ohne direkten Zell-zu-Zell-Kontakt. Eine solche Verbreitungsart ist 

bisher nur vom pR1SE Plasmid bekannt. Auch im Kontext zu anderen nicht-

viralen mobilen genetischen Elemente ist diese Verbreitung einzigartig. Die 

virusähnliche Lebensweise von PVs unterstützt die evolutionären 

Verbindungen zwischen Viren und Plasmiden und weist PVs als mögliche 

evolutionäre Vorläufer von Viren aus. 

 

Diese Dissertation ist ein Teil der fortlaufenden Charakterisierung von 

pR1SE und PVs, und dient dazu unser Wissen um diese einzigartige 

Interaktion zwischen Zellen und mobilen genetischen Elementen zu 

erweitern. Kapitel I beschreibt die erfolgreiche Verbesserung des 

genetischen Systems in Halorubrum lacusprofundi, dem einzigen derzeit 

bekannten Wirtsorganismus von PVs. Wie in den folgenden Kapiteln gezeigt 

wird, ermöglichte dieses System detaillierte Untersuchungen des PV-

Lebenszykluses durch die Deletion von gezielten Genen im Wirt. Wir 

konnten zeigen, dass die Stabilität von PVs negativ beeinflusst wird (Kapitel 

II), wenn der Prozess, der für die posttranslationale Modifikation von 

Proteinen mit Polysacchariden verantwortlich ist, im Wirt beeinträchtigt wird. 

Detaillierte Beobachtungen der intrazellulären Replikation von pR1SE und 

der Produktion von PVs nach der Infektion eines neuen Wirts zeigten starke 
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Ähnlichkeiten zwischen den Infektionszyklen von pR1SE und aktiv 

replizierenden Viren auf, die denselben Wirt infizieren. Die Analyse wurde 

weiterhin auf die Betrachtung der Lipidzusammensetzung der von Hrr. 

lacusprofundi produzierten Vesikel im Vergleich mit einem verwandten 

Organismus, Haloferax volcanii, ausgeweitet (Kapitel III). Wir konnten 

zeigen, dass die Vesikel in beiden Organismen selektiv mit bestimmten 

Lipidarten angereichert sind. Dies deutet auf gemeinsame Muster von 

physikalischen Prozessen an der Zellmembran hin, die während der 

Entstehung von Vesikeln und membranumhüllten Viren an der Zellmembran 

von halophilen Archaeen geschehen. Kapitel III enthält auch eine 

Beschreibung des archaeellen vesikulierenden GTPase-Enzyms, welches 

eine entscheidende Komponente in der Bildung von extrazellulären Vesikeln 

in H. volcanii ist. Auf dieser Grundlage konnten wir zeigen, dass die Deletion 

dieses Gens auch die Bildung von extrazellulären Vesikeln in Hrr. 

lacusprofundi verändert (Kapitel IV). Schließlich konnten wir auch 

bestätigen, dass die Produktion von PVs unabhängig von der GTPase-

gesteuerten Produktion extrazellulärer Vesikel durch den Wirt ist. 

 

Die in dieser Dissertation vorgestellten Ergebnisse liefern wertvolle neue 

Einblicke in den Lebenszyklus von PVs und deren Abhängigkeit vom 

Wirtsorganismus. Diese Erkenntnisse stellen PVs in einen breiteren Kontext 

mit Vesikeln, die oft gleichzeitig zu PVs produziert werden, und den Viren, 

die denselben Organismus infizieren. Auf diese Weise können wir die 

Position von pR1SE innerhalb der gesamten Vielfalt mobiler genetischer 

Elemente besser einschätzen und eine mögliche Vorlage für künftige 

Forschungen zu einzigartigen mobilen genetischen Elementen in Archaeen 

liefern.  
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Introduction 

1.1 What is a virus? The search for an unambiguous defini-

tion 

What is a virus? This is a question that seems intuitively easy to answer; 

after all everyone knows what a virus is. Yet, a clear definition of what exactly 

is or is not considered to be a virus has been difficult to establish. Therefore, 

a short excursion into historical concepts and the current scientific consen-

sus about ‘virus-like’ elements and viruses in a strict sense appears neces-

sary in order to establish a common ground at the outset for terms and con-

cepts that will be used frequently in this dissertation. 

 

The first definitions of viruses were mainly based on size [Koonin et al. 

(2021), and references therein], viruses were any infectious agents that 

passed through a filter with small enough pore sizes to exclude cells of any 

size. In the first half of the 20th century, a scientific consensus started to form. 

As summarized by the microbiologist André Lwoff (1957); viruses were con-

sidered to be ‘…strictly intracellular and potentially pathogenic entities . . . 

possessing only one type of nucleic acid . . . unable to grow and to undergo 

binary fission ’ (Lwoff, 1957). The following decades saw the discoveries of 

several new categories of ‘virus-like’ mobile genetic elements (MGEs) that 

complicated previous assertions of what could be classified as a virus. These 

included among others, virioids, ‘un-protected’ infectious circular RNAs that 

rely on host replication (Diener, 1971; Diener & Raymer, 1967), virusoids 

(Forster & Symons, 1987), satellites (Briddon et al., 2011), and virioforms 

(Kogay et al., 2022a; Kuhn & Koonin, 2023). Further refinement of definitions 

over many iterations (Van Regenmortel, 1989; Pringle, 1991; Raoult & 

Forterre, 2008; Claverie & Abergel, 2016; Nasir et al., 2020), have led to the 
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current definition of the International Committee on Taxonomy of Viruses 

(ICTV):  

 

‘1. Viruses sensu stricto are defined operationally by the ICTV as a 

type of [mobile genetic element] MGEs that encode at least one pro-

tein 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 pro-

tein-encoding entities. Any monophyletic group of MGEs that origi-

nates from a virion protein-encoding ancestor should be classified 

as a group of viruses.’ (ICTV, 2021; Kuhn et al., 2021). 

 

This will also be the definition underlying any reference to ‘viruses’ in the 

following dissertation. The definition is mainly operational following the pat-

tern established by previous definitions, thus avoiding controversial topics 

such as whether or not viruses can be considered as being ‘alive’. The term 

‘virosphere’ then encompasses both viruses and virus-like elements. Koonin 

et al., (2021) divided the ‘virosphere’ into a ‘orthovirosphere’ core, containing 

‘real viruses’, surrounded by an outer ‘perivirosphere’. A hazy boundary sep-

arates the core from the perivirosphere of replicating elements that share 

some but not all virus characteristics included in defining the core. The total 

virosphere is separated from the other replicating elements, such as ge-

nomes and plasmids (Koonin et al., 2021). These definitions will be used in 

this dissertation when discussing the virosphere concept, viruses and virus-

like elements, in general, and plasmid vesicles, in particular. 
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1.2 The enigmatic origin of viruses, as explained by three    

hypotheses and one chimeric scenario 

After establishing common ground on virus definitions, looking into the origin 

and evolution of viruses will help us determine why and how the virosphere 

could have separated from the broader space of replicating entities including 

cellular organisms. The origin of viral genomes and virus particles remains a 

fundamental, yet controversial scientific question. Genetic mutation is the 

basis of evolution and viruses mutate at rates that make real-time observa-

tions of their ‘microevolution’ possible. Several factors are thought to cause 

the high mutation rates presented by viruses, including polymerase-induced 

error, environmental mutagens (e.g. UV irradiation) and host immune re-

sponses (Duffy et al., 2008). However, the rapid evolution and general ge-

nome plasticity of viruses and virus-like elements can complicate conclu-

sions about viral evolution. Current evidence suggests that viruses likely 

evolved in multiple separate events over life’s history [see Koonin et al. 

(2006); Krupovič and Koonin (2017b); Nasir et al. (2020); Koonin et al. 

(2023), and references therein]. 

 

1.2.1 The virus first hypothesis 

The ‘virus first’ or ‘virus early’ hypothesis (Figure 1a) assumes that virus-like 

entities evolved from proto-replicators, i.e., self-replicating entities. This may 

have occurred concurrently with, or preceding cellular life (Koonin et al., 

2006; Koonin & Dolja, 2013). Modern viruses exhibit a diversity of genome 

types that is not found in cellular organisms such as, single-stranded RNA or 

DNA, double-stranded RNA or DNA or hybrid forms. Moreover, viral replica-

tion genes are shared between viruses infecting all three domains and show 

an unmatched diversity, as compared to their counterparts in cellular organ-

isms (Kazlauskas et al., 2016). The proteins encoded by these genes likely 

represent a virus-specific core-set of ancestral proteins that could be pre-
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cellular and were never acquired by proto-cellular replicators (Koonin et al., 

2006). For instance, early emergence of the RNA-recognition motif could 

have enabled the evolution of diverse RNA replication function enzymes, that 

are exclusively found in viruses today (Krupovič et al., 2019a). However, not 

all modern viruses encode a full set of replication proteins and have opti-

mized recruitment cellular replication genes for their own gain instead [see 

e.g. Kazlauskas et al. (2016), and references therein]. 

 

A pre-cellular origin of viruses is paradoxical, considering that all modern 

viruses are obligate parasites that replicate within cells. Yet, modelling of 

potential pre-cellular replicator spaces shows that genomic parasites could 

have evolved quickly in order to maintain balance in the system (Iranzo et 

al., 2016; Koonin et al., 2017b; Conrad et al., 2023). On a larger scale, this 

could then lead to our current world where there are no known cellular or-

ganisms without virus(es) that can infect them. 

 

Nevertheless, there are restrictions to infection. If the origin of viruses pre-

dated the Last Universal Cellular Ancestor (LUCA), we would expect modern 

viruses to be broadly distributed across the three domains of cellular life. 

However, the three domains are infected by specific groups of viruses. For 

instance, RNA viruses for eukaryotes are very common, rare for bacteria and 

currently unknown for archaea (Nasir et al., 2014; Nasir & Caetano-Anollés, 

2015). None of the currently known modern viruses is able bridge the gap 

between the three domains. Some virus classes are shared between ar-

chaea and bacteria [e.g. Caudoviricetes, see Y. Liu et al. (2021)], although 

individual virus species inside the phylum are only able to infect hosts within 

one domain. The evolution of the three cellular domains may have diverged 

too far to enable such a fossil from the genesis of viruses to survive and to 

be experimentally validated.  
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Figure 1: Schematic representation of the four currently prevalent theories on 
the evolutionary origin of viruses. (a) The ‘virus first’ hypothesis postulates that 
viruses evolved from proto-replicators either simultaneously or before the first cells 
emerged. (b) The ‘regression’ hypothesis assumes that parasitic cells became vi-
ruses over consecutive degeneration and loss of cellular functions. (c) According to 
the ‘escape’ hypothesis virus genomes evolved from cellular nucleic acids, with their 
capsids originating from extracellular vesicle and cell wall material. These precursors 
acquired ‘selfish’ replication and dissemination abilities. Finally, (d) the chimeric sce-
nario combines aspects of the ‘virus first’ and ‘escape’ hypotheses. Graphs modified 
from Krupovič et al. (2019a).  

1.2.2 The ‘regression’ hypothesis 

The ‘regression’ hypothesis (Figure 1b) assumes that viruses originated from 

parasitic cells that degenerated into viruses as obligate intracellular parasites 

(Abergel et al., 2015; Koonin et al., 2015; Nasir & Caetano-Anollés, 2015). 

The theory re-gained popularity in the 2000s after the discovery of giant vi-

ruses infecting single-celled eukaryotes (La Scola et al., 2003; Raoult & 

Forterre, 2008). These viruses called for a re-evaluation of previously estab-

lished norms about virus size, genome size, and complexity (La Scola et al., 

2003; Schulz et al., 2022). Giant virus genomes encode the most complete 

translation machineries found in modern viruses, including e.g., tRNAs and 

ribosomes (Philippe et al., 2013; Abrahão et al., 2017; Abrahão et al., 2018; 

Legendre et al., 2018). Moreover, giant viruses are infected by their own 

specialized viruses and MGEs (La Scola et al., 2008; Desnues et al., 2012; 

Jeudy et al., 2020; Tokarz-Deptuła et al., 2023). These findings led to fiercely 

debated proposals to classify giant viruses as a fourth domain of life e.g. 

(Nasir et al., 2012), and to consider giant virus as models for the regression 

of cellular organisms into modern viruses. 

However, growing evidence shows that at least some giant viruses evolved 

from much smaller viruses. Successive acquisition of genes from cellular or-

ganisms inflated their genomes to their current size and complexity (T. A. 

Williams et al., 2011; Koonin et al., 2015; Schulz et al., 2017; Krupovič et al., 

2020; Schulz et al., 2022). The genomes of numerous smaller-sized bacteri-
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ophages also encode ribosomal genes, that were likely acquired by horizon-

tal gene transfer and have continued evolution over time (Mizuno et al., 

2019), thus removing one distinction of giant viruses. Therefore, it seems 

unlikely that giant viruses indeed evolved out of degenerated cells. Modern 

parasitic cells such as the intracellular eukaryotic parasites microsporidia 

(Wadi & Reinke, 2020), for instance, have retained some key cellular char-

acteristics (e.g., ribosomes) and their origins can be clearly traced back to 

cells within in the three domains of life (Forterre, 2006). No other potential 

intermediates between cells and viruses are currently known that could lend 

additional support to the regression hypothesis. 

1.2.3 The ‘escape’ hypothesis 

The ‘escape hypothesis’ (Figure 1c) proposes that viral entities evolved from 

genomic fragments which escaped from their respective host genomes, de-

veloped autonomous replication and subsequently became infectious agents 

of their hosts (Forterre & Krupovič, 2012). Viral capsids may have developed 

from the nucleoprotein complexes or membrane vesicles of host cells 

(Forterre & Krupovič, 2012). 

The acquisition of cellular genes likely occurred on multiple independent oc-

casions and is not limited to viruses infecting a singular domain of life 

[Krupovič and Koonin (2017b), and references therein]. The ancestry of viral 

replication proteins of certain lineages can be traced back to the rolling-circle 

replication initiation proteins of bacterial plasmids (Krupovič, 2013; Koonin et 

al., 2015). However, cellular ancestors cannot be identified for every con-

served virus gene (Koonin et al., 2006; Krupovič et al., 2019a). As such, 

these genes could be derived from yet unknown proteins or were generated 

de novo. Individual selection pressures and gene exchange between viruses 

can further conceal potential cellular ancestors of viral proteins [see Krupovič 

(2013); Kazlauskas et al. (2017); Munke et al. (2022), and references 

therein].   



8 

The question remains as to at which point in the evolution of cellular life the 

first viruses emerged as independent, selfish replicators. A straightforward 

evolutionary connection between genes of modern viruses and the genes of 

their respective hosts cannot be established in most cases, and no gene is 

shared between all modern viruses (E. C. Holmes, 2011). The ubiquity of the 

jelly roll fold in the capsid proteins of viruses infecting every domain of life 

(Krupovič & Koonin, 2017b; Krupovič et al., 2019a; Krupovič et al., 2022), 

points to a likely acquisition event before LUCA or only shortly after the di-

vergence of domains. The later diversification of viruses could then be tied 

to individual events. For instance, the homologous capsid proteins of re-

verse-transcribing viruses exclusive to eukaryotes were likely acquired dur-

ing early eukaryogenesis (Krupovič & Koonin, 2017a). This may explain the 

diversity of viruses infecting archaea, which consist of both cosmopolitan vi-

ruses with a potentially ancient origin, and archaea-specific viruses that 

could have emerged more recently from archaeal mobile genetic elements 

[Krupovič et al. (2018), and references therein]. 

 

Recently Krupovič, Koonin and colleagues (2019a) proposed a chimeric 

origin for viruses by combining aspects of the virus-first and escape hypoth-

eses (Figure 1d). At least some classes of viruses likely emerged from the 

replication modules of primitive selfish genetic elements before LUCA, but 

other viruses may have evolved more recently from non-viral mobile genetic 

elements (Krupovič & Koonin, 2017b; Krupovič et al., 2019a; Koonin et al., 

2021). The capsid proteins of modern viruses probably evolved from cellular 

proteins over multiple independent acquisitions. 

Finally, it should be noted that each hypothesis is necessarily influenced by 

our understanding of modern viruses and applies similar characteristics to 

ancient viruses. It is also not a given that all modern viruses evolved via the 

same route.  
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1.3 Viruses and other mobile genetic elements of archaea 

1.3.1 Archaea the third domain of life 

Archaea represent an interesting system for studying virus-host interactions 

in prokaryotes as they share some of their characteristics with either bacteria 

or eukarya, but also have a distinct set of characteristics that separates them 

from the two other cellular domains [see van Wolferen et al. (2022), and ref-

erences therein]. Even more than forty years since the discovery and de-

scription of archaea by Carl Woese and George Fox (1977), knowledge 

about archaea and their viruses is limited as compared to what is known 

about bacteria and bacteriophages. Particularly since the official declaration 

of archaea as the third domain of life (Woese et al., 1990), it is clear that we 

cannot simply assume that characteristics of viruses infecting bacteria also 

apply to viruses infecting archaea. 

 

Archaea are globally distributed, and reach abundances up to or exceeding 

bacteria in some environments (Lloyd et al., 2013; Crowther et al., 2019; 

Hoshino et al., 2020). They are important contributors to the global cycling 

of carbon and nitrogen (Spang et al., 2017; B. J. Baker et al., 2020). The 

global abundance of archaea suggests that their viruses are also important 

factors in nutrient cycling and microbial community composition, as shown 

for phages and eukaryotic viruses in aquatic environments [see Zimmerman 

et al. (2020), and references therein]. Indeed, large-scale metagenomics 

studies and mesocosm experiments suggest a potential global importance 

of archaeal viruses for carbon cycling in the pelagic (Roux et al., 2016; 

Philosof et al., 2017) and deep-sea benthos (Danovaro et al., 2016). 

 

The majority of isolated archaeal species are extremophiles, since the lower 

abundance of bacteria in extreme environments (e.g., at high temperatures, 

low pH or hypersalinity) has traditionally been beneficial for the isolation and 
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cultivation of slower-growing archaea. Thus, cultured representatives are 

currently available for only a minority of the archaeal phyla (Figure 2), even 

as the phylogenetic tree of archaea expands with new additions almost daily 

(Spang et al., 2017; B. J. Baker et al., 2020). Most of our knowledge on ar-

chaeal cell biology comes from a limited set composed of hyperthermophilic 

Thermoproteota [formerly known as Crenarchaeota (Oren & Garrity, 2021)], 

hyperthermophilic Euryarchaeota, halophilic Euryarchaeota (haloarchaea) or 

methanogenic Euryarchaeota. 

 

The lipid composition of archaea is unique among cells (Jain et al., 2014; 

Caforio & Driessen, 2017). Unlike bacterial or eukaryotic lipids, archaeal 

phospholipids are composed of highly methylated isoprenoid chains linked 

to a glycerol-1-phosphate backbone via ether bonds. This composition likely 

confers high membrane stability that is essential in the extreme environ-

ments that many archaea inhabit. The diversity of archaeal lipids is based on 

two fundamental building blocks: a C20 sn-2,3-dyacilglycerol diether lipid (ar-

chaeol) or a C40 glycerol-dialkylglycerol tetraether lipid (GDGTs or tetaether 

lipids) (Caforio & Driessen, 2017). The former is often found in the bilayer 

membranes of halophilic Euryarchaeota and can include modifications, such 

as e.g. elongated isoprenoid chains (C25) or double bonds in the isoprenoid 

chains as adaptations to extreme environments (Kellermann et al., 2016). 

The tetraether-based lipids isolated from both hyperthermophilic and meso-

philic archaea form monolayers instead of typical phospholipid bilayers. Mod-

ifications of tetraether lipids via the formation of carbon rings in the isopre-

noid chains or variable chain length are likely adaptations to hyperthermo-

philic conditions (Caforio & Driessen, 2017). Additional modifications of the 

polar head group further contributes to the remarkable diversity of archaeal 

lipids (Jain et al., 2014; Caforio & Driessen, 2017).  
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Figure 2: A current version of the archaeal tree of life based on 36 conserved 
marker proteins. Phyla marked with red dots do not have any cultured representa-
tives. Particularly after the initial descriptions of the DPANN and Asgard archaeal 
phyla the archaeal tree has been subject to constant re-organization as more phyla 
are added and established phyla are shifted. Nevertheless, the major well-estab-
lished archaeal phyla have remained apart from the Crenarchaeota which have been 
renamed to Thermoproteota (Oren & Garrity, 2021). The three groups marked with 
stars, Crenarchaeota/Thermoproteota (yellow), Thermococci (blue) and Halobacteria 
(pink) will be the archaeal groups most often referred to in this dissertation. Modified 
from B. J. Baker et al. (2020).  
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Archaea contain many homologues of eukaryotic proteins, thus providing the 

opportunity to more easily study mechanisms involving these protein homo-

logues. This list includes proteins involved in DNA replication (Pisani et al., 

1992; Kazlauskas et al., 2020), transcription (Huet et al., 1983; Hirata et al., 

2008; Blombach et al., 2019) and chromatin organisation (Sandman et al., 

1990; Sanders et al., 2019; Laursen et al., 2021). Other archaeal homo-

logues or eukaryotic-like proteins participate in cell division (Ellen et al., 

2009; Tarrason Risa et al., 2020; Hurtig et al., 2023), vesicle formation (J. 

Liu et al., 2021b; Mills et al., 2023) and fusion (Moi et al., 2022). Finally, the 

enigmatic Asgard archaea appear to contain the closest living prokaryotic 

relatives of eukaryotes (Spang et al., 2015; Y. Liu et al., 2021; Eme et al., 

2023). Continued isolation and cultivation of Asgard archaea (Imachi et al., 

2020; Rodrigues-Oliveira et al., 2023) will give us the opportunity to study 

their cell biology and help us determine what separates the Asgards from 

other archaea, and thus provide valuable information to enhance hypotheses 

about eukaryogenesis [e.g. Krupovič et al. (2023)].  

1.3.2 Viruses of archaea 

The viruses of archaea present an interesting conundrum in that cultured 

hosts are difficult to obtain and have mainly been limited to extremophiles, 

despite the fact that archaea and their viruses are also present in mesophilic 

environments. The genomes of archaeal viruses encode many unique genes 

with no apparent relationship to genes of their hosts or those of other viruses 

(Krupovič et al., 2018). Nevertheless, archaeal viruses also share character-

istics with the viruses infecting other domains of life and archaeal hosts share 

many immune defence systems with bacteria (Koonin et al., 2017a; Dimitriu 

et al., 2020; Gao et al., 2020), suggesting that similar arms races occur be-

tween viruses and hosts in both domains. 

To date, all identified archaeal viruses have circular of linear DNA-based ge-

nomes in form of either single-stranded DNA, double-stranded DNA, or 
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ssDNA-dsDNA hybrids. No RNA viruses have been identified so far, which 

could have evolutionary explanations or simply mean that such viruses were 

not yet identified because of their presumably high sequence divergence 

from any known virus (Prangishvili et al., 2017). Like other MGEs, archaeal 

viruses can be inserted into the genomes of their hosts via site-specific inte-

grases. Many of the identified integrases found in archaeal viruses and non-

viral MGEs thus far are suicidal. Upon insertion, these integrase genes split 

into two fragments that flank the integrated MGE in the host chromosome, 

with excision involving recombination of both ends into a functional gene 

(Muskhelishvili et al., 1993; She et al., 2001; She et al., 2004; Badel et al., 

2021).  

 

Most characterized archaeal viruses infect extremophilic archaea within the 

Euryarchaeota and Thermoproteota phyla (formerly known as Crenarchae-

ota), with a few notable exceptions, such as viruses infecting anaerobic 

methanogens [e.g. Weidenbach et al. (2017); Wolf et al. (2019)] or marine 

Thaumarchaeota (Kim et al., 2019). Hence, the described viruses are    ex-

tremophiles themselves, with specific adaptations to the extreme environ-

ments of their host organisms, such as hypersalinity (halophilic Euryarchae-

ota), high temperatures (hyperthermophilic Euryarchaeota and Thermopro-

teota) and extremes in pH (Euryarchaeota and Thermoproteota). The few 

isolates available have served to define comparatively many taxonomic fam-

ilies, suggesting the existence of an enormous wealth of unexplored diversity 

that is ready to be discovered. 

 

Viruses that infect archaea viruses can divided into two main categories: ar-

chaea-specific viruses (Figure 3a) and cosmopolitan viruses (Figure 3b). 

This split has been suggested to point to the polyphyletic origin of archaeal 

viruses with a mixture of cosmopolitan viruses of ancient origin and archaea-
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specific viruses that emerged later from non-viral mobile genetic elements 

(MGEs) [Krupovič et al. (2018), and references therein]. The cosmopolitan 

archaeal viruses (Figure 3b) are divided between five virus families and likely 

share common ancestry with viruses that infect other domains of life. The 

basic morphology of their virions, of icosahedral (20 sided) capsids with or 

without tails, is similar to bacteriophages. Most cosmopolitan archaeal vi-

ruses fall into the Caudoviricetes class (Y. Liu et al., 2021). Further subdivi-

sion into the Myoviridae, Siphovirida or Podoviridae families is based on the 

morphology of the proteinaceous tail (Senčilo & Roine, 2014; Krupovič et al., 

2018). While the core gene set of the Caudoviricetes genes appears to be 

shared between viruses infecting bacteria and archaea (Krupovič et al., 

2010; Krupovič et al., 2018), network analyses suggest that the divergence 

of viruses infecting the two domains is very ancient (Y. Liu et al., 2021). 

 

Other cosmopolitan archaeal viruses fall into the Sphaerolipoviridae and Tur-

riviridae families that also contain bacterial viruses. Their virions are spheri-

cal with an internal membrane envelope that is surrounded by capsid pro-

teins with either single-jelly-roll (Sphaerolipoviridae) or double-jelly-roll folds 

(Turriviridae) (Krupovič et al., 2018). The presence of cosmopolitan virus 

families in archaea strengthens the connection between archaeal viruses 

and the broader virosphere. The archaea-specific viruses are very diverse in 

morphology, including several unique virion shapes not found in any other 

viruses and only present in a few characterized isolates (Figure 3a). Ar-

chaea-specific viruses are currently distributed into 12 families: the bottle-

shaped Ampullaviridae (Häring et al., 2005), spindle-shaped Bicaudaviridae 

and Fuselloviridae (Krupovič et al., 2014b), club-shaped Clavaviridae 

(Mochizuki et al., 2010), spherical Globuloviridae (Häring et al., 2004), ovoid-

shaped Guttaviridae (Arnold et al., 2000), flexible filamentous Lipothrixviri-

dae (Bettstetter et al., 2003), pleomorphic Pleolipoviridae (Bamford et al., 

2017), polyhedral Portogloboviridae (Liu et al., 2017),  
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Figure 3: Electron micrographs of archaeal viruses. Archaea-specific (a) and cos-
mopolitan viruses shared between bacteria and archaea (b), modified from 
Prangishvili et al. (2017) wherein the original sources of the images are indicated. 
Groups that have been reported to contain lipids either inside or at the outside envel-
oping their virions are marked with black dots. Virus families are named and repre-
sented by their type species. All scale bars represent 100 nm. First row: Acidianus 
bottle-shaped virus; (ABV) and Acidianus two-tailed virus (ATV). Second row: Aero-
pyrum coil-shaped virus (ACV), Sulfolobus spindle-shaped virus 1 (SSV1), Sulfolo-
bus neozealandicus droplet-shaped virus (SNDV), Pyrobaculum filamentous virus 1 
(PFV1), Aeropyrum pernix bacilliform virus 1 (APBV1) and Pyrobaculum spherical 
virus (PSV). Third row: Acidianus filamentous virus 1 (AFV1), Sulfolobus islandicus 
rod-shaped virus 2 (SIRV2), Sulfolobus polyhedral virus 1 (SPV1) and Halorubrum 
pleomorphic virus 1 (HRPV1). Last row: Halorubrum sodomense tailed virus 2 
(HSTV2), Haloarcula vallismortis tailed virus 1 (HVTV1), Haloarcula sinaiiensis tailed 
virus 1 (HSTV1), Haloarcula hispanica virus (SH1) and Sulfolobus turreted icosahe-
dral virus (STIV). 

rod-shaped Rudiviridae (Prangishvili et al., 1999), coiled fibres Spiraviridae 

(Mochizuki et al., 2012) and the layered filamentous Tristromaviridae 

(Rensen et al., 2016). Several unique features of virion organisation are also 

so far specific for individual archaeal viruses, such as tight packaging of DNA 

in the A-form within the capsid (DiMaio et al., 2015), virion envelopes con-

taining tetraether lipids orientated in a horseshoe shape (Kasson et al., 

2017), and special proteinaceous structures for virion release (Brumfield et 

al., 2009; Quax et al., 2011).  

Since the emergence of metagenomics more and more virus metagenome 

assembled genomes (MAGs) from mesophilic archaea (Philosof et al., 2017; 

Ahlgren et al., 2019), methanotrophs (Laso-Pérez et al., 2023) and Asgard 

archaea have been presented (Medvedeva et al., 2022; Rambo et al., 2022; 

Tamarit et al., 2022). Presumably, a large pool of potential viruses is waiting 

to be identified and characterized. 

1.3.3 Fusion and budding of membrane-enveloped viruses from the 

host membrane 

In general, it is not known how most archaeal viruses pass the physical bar-

riers surrounding archaeal cells in order to deliver their genomes for replica-

tion inside new hosts. Tailed archaeal viruses likely employ similar  
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mechanisms of DNA injection to bacteriophages. No virus-encoded enzymes 

capable of degrading the archaeal surface (S)-layer are currently known 

(Quemin & Quax, 2015). This poses a particular enigma for membrane-en-

veloped virions that would conceivably need to interact directly with the host 

cell membrane for fusion or budding to occur, similarly to eukaryotic viruses 

(Prangishvili et al., 2017). Many archaeal viruses release their virions in 

chronic or persistent infections and cannot rely on cell lysis for release (Pina 

et al., 2011; Mäntynen et al., 2021). The virus particles of archaeal viruses 

may contain either external (Bettstetter et al., 2003; Häring et al., 2004; 

Pietilä et al., 2009) or internal membranes (Bamford et al., 2005; Porter et 

al., 2005; Quax & Daum, 2018), composed of host-derived lipids (Figure 3). 

 

Archaeal viruses appear to have developed multiple unique mechanisms to 

overcome the barriers presented by the archaeal cell envelope. Specialized 

proteinaceous egress structures have been described for lytic viruses (Quax 

& Daum, 2018; H. Wang et al., 2018; Baquero et al., 2021a), and the fusion 

and budding mechanisms of individual archaeal viruses have been charac-

terized. For instance, SSV1 (Fuselloviridae) virion emerges as a protrusion 

out of the host cell membrane through a constricted neck in an elongated 

form, only to later mature into the final spindle-shape while still attached to 

the cell (Quemin et al., 2016). This process strongly resembles the budding 

of eukaryotic viruses but also raises the question of how the monolayer-form-

ing lipids of the cell membrane of Sulfolobus (Řezanka et al., 2023) could be 

divided in this process. The scission mechanism has yet to be shown exper-

imentally but may involve cellular proteins of the endosomal sorting com-

plexes required for transport (ESCRT) cell division machinery (Quemin et al., 

2016), given how the eukaryotic homologues of these proteins are commonly 

exploited by eukaryotic viruses (Votteler & Sundquist, 2013). In contrast, an-

other Sulfolobus virus, STSV2, down-regulates the ESCRT cell division ma-

chinery of its host, likely in order to facilitate budding via asymmetric cell 
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division of the host (J. Liu et al., 2021a). Other archaeal viruses are also 

predicted to exit their hosts via budding, although experimental evidence re-

mains lacking in many cases (Baquero et al., 2021b), including for the ar-

chaea-specific family of Pleolipoviridae (Bamford et al., 2017; Liu et al., 

2022). 

Pleolipoviridae virions consist of an external membrane envelope surround-

ing the virus genome, and two major capsid proteins, namely, the internal 

small membrane proteins and the external spike proteins (Bamford et al., 

2017; Liu et al., 2022). The spike protein of HRPV-6 has been identified as 

its fusion protein (El Omari et al., 2019), and fusion activity is specifically 

triggered by the S-layer protein of the native host organism (Bignon et al., 

2022). The spike protein likely adopts an elongated conformation upon bind-

ing to the S-layer protein, bridging the gap to the cell membrane to initiate 

membrane fusion (El Omari et al., 2019). The molecular mechanism of mem-

brane fusion still needs to be determined for this virus-receptor system. 

1.3.4 Plasmids and other mobile genetic elements of archaea 

While archaeal viruses are in many ways quite distinct from the viruses in-

fecting other cellular domains, there seems to be more overlap and ex-

change between the non-viral MGEs of archaea and bacteria. The majority 

of characterized non-viral MGEs in archaea are restricted to the Sulfolobales 

and Halobacteriales as a consequence of the availability of culturable hosts 

from these taxonomic groups. Other MGEs have been reconstructed from 

metagenomic sequence information. 

 

The first archaeal plasmids were identified in the 1970s in Halobacterium 

salinarium (Simon, 1978; Pfeifer et al., 1981), followed by discoveries of plas-

mids in other archaeal lineages (Zillig et al., 1985; Charlebois et al., 1987; 

Nölling & Vos, 1992). Systematic screening of archaeal populations has re-

vealed that plasmids are widespread (Prangishvili et al., 1998;  
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Prieur et al., 2006), particularly among haloarchaea (S. DasSarma et al., 

2009; Wu et al., 2012). Plasmids can also integrate specifically at tRNA sites 

in the genome using tyrosine recombinase superfamily integrases (She et 

al., 2004; Hawkins et al., 2013; Anderson et al., 2017; Badel et al., 2021). 

Archaeal plasmids have been suggested to play roles in horizontal gene 

transfer (see Section 1.4.1), although the functions of most archaeal plas-

mids or their genes remain to be determined. 

 

Archaeal plasmids share two basic replication mechanisms with bacterial 

plasmids, namely, rolling-circle-replication (RCR) and theta-replication (θ-). 

However, archaeal plasmids appear to be more diverse in terms of replica-

tion strategies than their bacterial counterparts. In many cases, their putative 

replication proteins are not homologues to known bacterial proteins. Some 

archaeal plasmids encode homologues of the host replication initiation pro-

teins (H. Wang et al., 2015; Erdmann et al., 2017; Contreras et al., 2022), 

which are themselves homologues to the eukaryotic Cdc6/Orc1 replication 

initiation proteins (Myllykallio et al., 2000; Dueber et al., 2011). This diversity 

points to convergent evolution of archaeal plasmids, indicating that the rep-

lication proteins in individual lineages evolved from diverse mixtures of host-

derived DNA replication proteins (H. Wang et al., 2015). 

 

Rolling-circle replication involves a plasmid-encoded replication initiation 

protein (Rep) that binds to the double-stranded origin of replication and cre-

ates a nick, i.e., a discontinuity in one DNA strand, thus initiating DNA repli-

cation of the leading strand (Ruiz-Masó et al., 2015).The host RNA polymer-

ase binds to the single-stranded origin of the lagging strand and synthesizes 

primers for the DNA replication machinery to finish template replication. 

 

Both the conjugative plasmids and the pRN1 family non-conjugative plas-

mids of the Sulfolobales (Peng et al., 2000; Garrett et al., 2004; 
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H. Wang et al., 2015) encode putative replication initiation RepA proteins 

(Solar et al., 1998). The pRN1-family RepA is a multifunctional enzyme that 

combines both a C-terminal helicase and an unusual N-terminal domain with 

both DNA polymerase and primase activity, (Lipps et al., 2003; Lipps et al., 

2004). Yet, other characteristics of RCR Rep proteins are lacking in pRN1-

family RepA proteins, such as clear target origins of replication, or nicking-

closing activity (H. Wang et al., 2015). Rolling-circle replication proteins have 

also been identified in plasmids of hyperthermophilic Euryarchaeota (Erauso 

et al., 1996; Marsin & Forterre, 1998; Soler et al., 2007) and experimentally 

characterized in methanogenic Euryarchaeota (Thomsen & Schmitz, 2022). 

A putative haloarchaea-specific replication protein RepH (W. L. Ng & 

DasSarma, 1993) with a conserved RCR Rep motif (Ilyina & Koonin, 1992) 

has been identified, suggesting RCR-like mechanisms for many haloar-

chaeal plasmids (Hall & Hackett, 1989; Holmes & Dyall-Smith, 1990; H. 

Wang et al., 2015). RepH proteins are very distinct from the archaeal RepA 

replication initiation proteins and are highly divergent across haloarchaeal 

lineages (Ilyina & Koonin, 1992; H. Wang et al., 2015). RC-like replication 

was subsequently experimentally characterized for two plasmids of haloal-

kalophilic archaea (M. Zhou et al., 2004; L. Zhou et al., 2008). 

 

The other basic plasmid replication mechanism, θ-replication (Lilly & Camps, 

2015), involves binding of a replication initiator protein (also called Rep) to a 

specific DNA-binding motif upstream of an AT-rich genomic region where the 

replication bubble is formed. In contrast to RC-replication, the lagging strand 

is synthesized discontinuously. To date, θ-replication has only been experi-

mentally verified for one haloarchaeal plasmid (Sun et al., 2006). Other plas-

mids from hyperthermophilic Euryarchaeota encode helicases or primases 

as their replication proteins and likely employ θ-like replication (Soler et al., 

2010; Gonnet et al., 2011; Béguin et al., 2014; Gill et al., 2014; Kazlauskas 
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et al., 2018). Members of the pT26-2 plasmid family (Soler et al., 2010), pre-

dicted to replicate with a θ-like mechanism, appear to be spread across ma-

rine archaea with distinct lineages in the hyper-thermophilic Thermococcales 

and in the Methanococcales order of methanogenic Euryarchaeota (Badel et 

al., 2019).  

 

Many plasmids ensure their maintenance in the host by encoding toxin-anti-

toxin (TA) systems. Removal of the plasmids or damage to the TA system 

kills the host through the loss of instable antitoxins (protein or RNA) and ac-

cumulation of stable proteins or RNAs that act as toxins (Jurėnas et al., 

2022), although the mechanism depends on the specific TA system family 

[see Jurėnas et al. (2022), and references therein]. Our knowledge about the 

diversity and function of TA systems on archaeal plasmids is limited. Cur-

rently only systems located on chromosomes have been experimentally 

characterized in Sulfolobus (Maezato et al., 2011; Cooper et al., 2023) and 

in haloarchaea (Li et al., 2021). Screening of plasmids of methanogenic and 

hyperthermophilic Euryarchaeota has revealed several putative TA systems 

(Krupovič et al., 2013), yet our identification of TA systems is clearly primed 

by examples from bacteria and, thus, may miss any novel archaea-specific 

systems. 

Recently, new archaeal MGEs that have resisted categorization as viruses, 

plasmids or minichromosomes have been described. These ‘Borgs’ are large 

(≤ 1 Mb) linear dsDNA MGEs associated with the Methanoperedens, uncul-

tivated anaerobic methane oxidizing archaea (Al-Shayeb et al., 2022). The 

Borgs described thus far share ancestry, but their specificity to particular 

Methanoperedens hosts is still unclear (Al-Shayeb et al., 2022; Schoelmerich 

et al., 2023). No canonical archaeal plasmid genes have been identified in 

the published Borg sequences so far, although many genes appeared to 

have viral homologues (Schoelmerich et al., 2023). Borgs also carry genes 

encoding components of key processes in their hosts, such as anaerobic 
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methane oxidation and nitrogen fixation (Al-Shayeb et al., 2022; 

Schoelmerich et al., 2023). Previously, other archaeal megaplasmids               

(> 1 Mb) were shown to carry essential genes, thus blurring the line between 

plasmids carrying auxiliary genes and host chromosomes that encode core 

genes (W. V. Ng et al., 1998; S. DasSarma et al., 2009). 

 

In addition to plasmids, archaeal MGEs also include transposons, casposons 

and inteins, among others. Transposons are short DNA segments integrated 

into genomes able to re-locate into different positions in the genome by way 

of a translocating enzyme, the transposase. Transposons can be catego-

rized into insertion sequences (ISs) that self-encode a transposase, minia-

ture inverted-repeat transposable elements (MITEs) that do not encode a 

functional transposase, or composite transposons, where a DNA segment is 

flanked by two copies of an IS (Filée et al., 2007). Other self-replicating 

MGEs include the casposons that gave rise to the prokaryotic CRISPR-Cas 

immune system. These casposons encode a Cas1 endonucelase homo-

logue and use mechanisms similar to the acquisition of new CRISPR spacers 

for their own integration and excision from the genome (Krupovič et al., 

2014a; Krupovič et al., 2017; Béguin et al., 2019).  

 

Finally, the inteins, which are integrated within protein-coding genes, cata-

lyse their own excision from the protein after translation, leaving a functional 

protein behind. Inteins are able to invade intein-free new hosts with a self-

encoded homing endonuclease that generates double strand breaks in the 

DNA sequence of the same gene that does not contain an intein (Barzel et 

al., 2011; Belfort, 2017; Gophna & Altman-Price, 2022). Inteins generally in-

vade house-keeping genes of their host and are widespread among archaea, 

in particular among Euryarchaeota (Novikova et al., 2015). They may also 

promote horizontal gene transfer to other gene loci when invading a new host 

(Naor et al., 2016). The diversity of non-viral MGEs described here is not 
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exclusive to archaea and strongly suggests shared connections and gene 

exchange across the boundaries of the virosphere proper into the broader 

MGE space. 

1.4 Vesicles and their role in horizontal gene transfer be-

tween archaea 

1.4.1 Mechanisms of horizontal gene transfer 

Horizontal gene transfer between cells is one of the main drivers of evolution 

and likely responsible for the emergence of several lineages in the archaeal 

domain (Nelson-Sathi et al., 2012; Nelson-Sathi et al., 2015; Gophna & 

Altman-Price, 2022). The general mechanisms of horizontal gene transfer 

described for bacteria are also found in archaea. These include natural trans-

formation, transduction, cell fusion and mating, chromosome exchange, and 

vesicle mediated transport (Wagner et al., 2017; Gophna & Altman-Price, 

2022). However, not all mechanisms have been described for every phylum 

for which cultured representatives are available, such that our knowledge 

about shared mechanisms for specific modes of horizontal gene transfer is 

limited. 

Populations of archaea frequently exchange DNA through transfer mecha-

nisms and homologous recombination between close relatives (Papke et al., 

2004; Whitaker et al., 2005; Cadillo-Quiroz et al., 2012; DeMaere et al., 

2013). This high exchange rate appears to be crucial for the formation of 

archaeal species (Wagner et al., 2017; Gophna & Altman-Price, 2022) and 

for DNA repair in intra-species exchanges (Wagner et al., 2017). Genomic 

evidence suggests that large-scale horizontal gene transfer of key metabolic 

functions from bacteria to archaea played a key role in several instances 

during archaeal evolution (Nelson-Sathi et al., 2012; Nelson-Sathi et al., 

2015). Incorporation and usage of ‘foreign’ DNA could theoretically be asso-

ciated with fewer fitness disadvantages in archaea, although no mechanisms 

are currently known that could explain this effect (Deschamps et al., 2014). 
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Natural transformation, namely, uptake of unprotected environmental DNA, 

has been observed in several methanogenic and hyperthermophilic archaea 

(Bertani & Baresi, 1987; Worrell et al., 1988; Lipscomb et al., 2011; Fonseca 

et al., 2020; Song et al., 2021). Natural competence has not yet been demon-

strated for haloarchaea (Chimileski et al., 2014; Gophna & Altman-Price, 

2022). However, uptake of extracellular DNA may be increased under low-

salt conditions and increased S-layer permeability (Chen et al., 2012; Chen 

et al., 2019), when cell mating is inhibited under low-salt conditions (Shalev 

et al., 2017).  

Transduction, or the transfer of host genetic material by viruses via mature 

virions, can be non-specific or linked to distinct regions of the host chromo-

some. No archaeal viruses are currently known to perform true non-specific 

transduction, however, the Sulfolobus viruses SSV1 and SSV2 can transfer 

the pSSVx and pSSVi satellite viruses in their virions (Arnold et al., 1999; Y. 

Wang et al., 2007; Contursi et al., 2014). Gene-transfer-agents (GTAs) are 

non-functional phage/virus particles (Lang et al., 2012; Lang et al., 2017; 

Kogay et al., 2022b). They do not transport a viral genome, but instead 

transport pieces of the host genome that are released by cell lysis and are 

injected into new hosts by the virion structures. Only one GTA has been de-

scribed for the archaeal domain to date (Bertani, 1999). 

Conjugation, or the unidirectional self-transmission of plasmids via direct 

cell-to-cell contact mediated by type IV secretion systems, has only been 

described for a limited number of lineages, namely, the Sulfolobales of the 

Thermoproteota phylum (Schleper et al., 1995; Grogan, 1996; Prangishvili 

et al., 1998; Wagner et al., 2017). Conjugation is mediated by type IV pili and 

inducible by UV radiation (Fröls et al., 2007; Schmidt et al., 1999; Ajon et al., 

2011; van Wolferen et al., 2016). The first archaeal conjugative plasmid out-

side the Sulfolobales was only described very recently for hyperthermophilic 

Euryarchaeota (Catchpole et al., 2023). However, the spread of genes en-

coding for homologues of the bacterial conjugation machinery indicates that 
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conjugative plasmids may be more widespread in archaea, (Krupovič et al., 

2019b; Catchpole et al., 2023). Archaea likely acquired conjugative plasmids 

via inter-domain transfer in multiple instances (Guglielmini et al., 2012). 

 

Halophilic Euryarchaeota (haloarchaea) frequently perform large-scale gene 

exchanges between individuals of the same species and across species 

boundaries (Papke et al., 2004; Naor et al., 2012; DeMaere et al., 2013). 

Conjugative plasmids have not been identified in haloarchaea to date, but 

mating of cells leads to bi-directional gene exchange (≤ 500 kB) of plasmids 

and chromosomes via direct recombination (Mevarech & Werczberger, 

1985; Tchelet & Mevarech, 1993, Naor et al., 2012; Makkay et al., 2020). 

Cell-to-cell bridges enable DNA exchange by connecting the cytoplasm of 

mating cells (Rosenshine et al., 1989; Sivabalasarma et al., 2021). Recogni-

tion of suitable mating partners in Haloferax volcanii relies on recognition of 

the specific N-glycosylation (a post-translational modification by polysaccha-

rides) pattern of the proteinaceous S-layer (Tripepi et al., 2010; Shalev et al., 

2017). There are indications that this behaviour could be more widespread 

across haloarchaea beyond H. volcanii (Kuwabara et al., 2005; Kuwabara et 

al., 2007; Comolli & Banfield, 2014). 

Vesicle-mediated transport, or vesiduction (Soler & Forterre, 2020), shows 

similarities to transduction, where nucleic acids are packaged and delivered 

by a protective structure. In vesiduction, extracellular vesicles (EVs) pro-

duced by the cell serve this role. EVs are formed by budding from the cell 

membrane in all three domains of life (Gill et al., 2019). Soler et al. (2008) 

first described vesiduction for Thermococcus kodakarensis with the detec-

tion of extracellular and plasmid DNA within spherical EVs produced by the 

host. Transformation of the host with a shuttle plasmid led to packaging of 

the recombinant plasmid into EVs and EV preparations could be used to ‘in-

fect’ plasmid-free strains of T. kodakarensis (Gaudin et al., 2013). 
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Moreover, Thermococcus nautilus selectively packages some of its native 

plasmids into EVs, including a defective viral genome in plasmid form that is 

not able to form virions (Gaudin et al., 2014). The authors suggested that 

packaging in EVs could be a way for the virus to forgo formation of its own 

virion, given how; the EVs that package the virus are not distinct from the 

other EVs produced by the host. 

1.4.2 Two major cell division machineries suggest at least two dis-

tinct mechanisms of vesicle formation in archaea 

Bacteria, Eukarya and Archaea all produce EVs (Deatherage & Cookson, 

2012). EVs can contain cellular components and nucleic acids and, there-

fore, act as vectors for horizontal gene transfer in bacteria and archaea, as 

described above. In addition to horizontal gene transfer by vesiduction, EVs 

have been linked to anti-viral defence mechanisms in prokaryotes (Manning 

& Kuehn, 2011), and are thought to mediate interactions of bacteria with mul-

ticellular organisms (Koeppen et al., 2016; Moriano-Gutierrez et al., 2020). 

The major archaeal clades likely encode different mechanisms of EV for-

mation, based on their very different systems of cell division. The split sepa-

rates the cell division machineries of Thermoproteota and Asgard archaea 

(ESCRT homologues) from the Euryarchaeota, the DPANN superphylum, 

Thaumarchaeota and Korarchaeota (FtsZ homologues) [van Wolferen et al. 

(2022), and references therein]. However, some members of the Thaumar-

chaeota and Asgard archaea appear to encode both systems (Pelve et al., 

2011; Pende et al., 2021). 

The cell division machinery of the Sulfolobales in the Thermoproteota phylum 

is homologous to the eukaryotic ESCRT system, which facilitates vesicle for-

mation orientated away from the cytosol including to the extracellular envi-

ronment (McCullough et al., 2018; Vietri et al., 2020). Sulfolobales ESCRTs 

(Lindås et al., 2008; Caspi & Dekker, 2018; Tarrason Risa et al., 2020;  
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Hurtig et al., 2023), also appear to be involved both in EV formation and in 

the budding of viruses (J. Liu et al., 2021a; J. Liu et al., 2021b). The other 

main archaeal cell division machinery is based on homologues of bacterial 

FtsZs (Bisson-Filho et al., 2017) and other cell division proteins (van 

Wolferen et al., 2022), as well as CetZs, which are tubulin-like proteins that 

control cell shape, motility and have cell surface-related functions (Duggin et 

al., 2015; Brown & Duggin, 2023). The mechanisms and components of 

FtsZ-based cell division have been extensively studied in H. volcanii, where 

cell division proteins are consecutively assembled in rings at the division 

plane (Duggin et al., 2015; Liao et al., 2018; Liao et al., 2021; Nußbaum et 

al., 2021). Homo-logues of the main FtsZ-based cell division proteins were 

also found in other haloarchaea (Baumann & Jackson, 1996; Margolin et al., 

1996; Ozawa et al., 2005; T. J. Williams et al., 2017; Liao et al., 2021). 

 

No homologues of proteins involved in vesicle formation in the Thermopro-

teota have been identified thus far in Euryarchaeota (Pende et al., 2021). 

Mass spectrometry analysis of EVs from the halophile Halorubrum lacuspro-

fundi (Euryarchaeota) did not detect any ESCRT homologues but identified 

other cellular proteins that were enriched in the EV fraction (Erdmann et al., 

2017). Notable among them were a CetZ-like tubulin protein (Brown & 

Duggin, 2023), and a bacterial outer membrane protein BamB-like protein 

which could be involved in the insertion of membrane-bound proteins into the 

vesicle (Gunasinghe et al., 2018). A putative vesicle coat protein with struc-

tural similarities to the γ-subunit of the COPI complex which is one of the 

protein coats of eukaryotic intracellular vesicles (Faini et al., 2013), was also 

identified. Moreover, a small GTPase assigned to the same family of small 

GTPases that initiate COPI vesicle coat protein assembly and vesicle bud-

ding in eukaryotes (Nielsen et al., 2008) was also enriched in EV prepara-

tions (Erdmann et al., 2017). The fact that proteins showing homology to 

eukaryotic intracellular trafficking such as COPI vesicles were identified in 
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vesicle preparations of Euryarchaeota suggests that vesicle production in 

this phylum could involve a COPI-like mechanism, possibly with the involve-

ment of cell division proteins. Indeed, recent results from another haloar-

chaeon, H. volcanii , suggest that Euryarchaeota require a small GTPase to 

initiate vesicle formation similar to intracellular vesicle trafficking in eukary-

otes [see Mills et al. (2023) in Chapter III]. 

1.4.3 Plasmid vesicles could represent an intermediate step in viral 

evolution between vesiduction and enveloped viruses 

Plasmid vesicles (PVs) are a novel class of vesicles that blur the boundaries 

between EVs and virions (Erdmann et al., 2017). PVs, sometimes also called 

plasmidions, were first identified in a halophilic archaeon from Antarctica 

(Erdmann et al., 2017; Forterre et al., 2017). The pR1SE plasmid is pack-

aged inside PVs, which infect plasmid-free strains of the host without direct 

cell-to-cell contact (Erdmann et al., 2017). 

 

PVs were originally isolated from Halorubrum lacusprofundi strain R1S1, 

containing low level of host-derived DNA and a circular plasmid of 50 kb size 

(Figure 4). The plasmid encodes hallmark plasmid genes in the conserved 

region 1, such as a putative RepH replication protein (Erdmann et al., 2017), 

indicating possible rolling-circle replication (Ilyina & Koonin, 1992; W. L. Ng 

& DasSarma, 1993), and a putative toxin gene of a toxin-antitoxin system 

(ORF3). Region 2 (Figure 4) contains a Cdc6/Orc1 replication initiation pro-

tein homologue (ORF29) next to a putative origin of replication and several 

pR1SE-specific proteins (Erdmann et al., 2017). Mass spectrometry analysis 

of proteins in PVs, as compared to cell membrane proteins of the host, 

showed that some pR1SE-specific proteins were only found in PV prepara-

tions whereas four others were found in both PVs and the host membrane 

(Erdmann et al., 2017). Such incorporation of plasmid-encoded proteins into 

the vesicle structure had not been described before   
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Figure 4: Plasmid map of the pR1SE plasmid originally isolated from Hrr. la-
cusprofundi R1S1. The positions and gene annotations are indicated on the outer-
most ring. The positions of the ORFs are indicated in the second ring and their pre-
dicted functions are indicated in colour: plasmid replication/stability genes (pink), 
other (light blue), proteins detected in PV preparations (orange) and transposases 
(red). The innermost ring shows the distribution of pR1SE into core conserved plas-
mid regions 1 (dark blue) and 2 (grey), and region 3 (green) which is likely directly 
host-derived and highly variable between different versions of pR1SE. Modified from 
Erdmann et al. (2017). 

and suggests that similarly to a virus, pR1SE encodes proteins necessary 

for its own dissemination. The pR1SE-specific genes show the highest simi-

larity to other haloarchaeal proteins and, therefore, appear to be originally 

host-derived but have likely evolved since over continuous interactions be-

tween pR1SE and its host (Erdmann et al., 2017).  
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The most abundant pR1SE proteins found in PVs include a putative kinase 

or chaperone protein (ORF8), a transmembrane protein that could serve as 

a scaffold for protein interactions (ORF6), coat complex proteins (ORF10, 

22, 23 and 24) and a subtilisin-like serine protease (ORF7) (Erdmann et al., 

2017). The latter contains a TAT signal peptide (Ruiz et al., 2012), predicting 

its export to the extracellular space and represents the first protease identi-

fied in a virus-like archaeal MGE. Thereby providing insight into how mem-

brane-enveloped archaeal viruses could overcome the S-layer barrier during 

infection and egress (Quemin & Quax, 2015). PV preparations also con-

tained a number of host proteins which may be involved in EV formation as 

they were also identified in EV preparations from non-infected Hrr. lacuspro-

fundi cells [Erdmann et al. (2017), see Section 1.4.2 for more details]. 

 

Region 3 of the plasmid is identical to host Hrr. lacusprofundi genomic DNA 

and was likely incorporated into the plasmid by the transposases flanking the 

region (Erdmann et al., 2017). Subsequently alternate versions of the com-

plete pR1SE plasmid including the conserved core regions 1 and 2 and var-

iable region 3s were identified in other Hrr. lacusprofundi strains from the 

same environment. PVs could be obtained from HLS1 and DL18 strains, in 

the latter of which the plasmid is integrated into the primary chromosome but 

can also be isolated from PVs as a smaller (ca. 38 kb) excised version 

(Erdmann et al., 2017). In both strains, region 3 shared high identity with 

genomic DNA of other haloarchaea from Deep Lake and other Halorubrum 

species and was highly variable in size (DeMaere et al., 2013; Erdmann et 

al., 2017). Therefore, pR1SE appears to be capable of large-scale uptake of 

host-derived DNA and could represent an important vector for horizontal 

gene transfer in the hypersaline lakes of Antarctica, although infection of 

other potential hosts with PVs could not be replicated in the laboratory 

(Erdmann et al., 2017). 
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No canonical virus genes or proteins were identified on the pR1SE plasmid 

or the PV particles. The only exception was a virus-like integrase (ORF34), 

which are frequently found on archaeal plasmids (H. Wang et al., 2015; 

Erdmann et al., 2017; Badel et al., 2021). The PV life cycle appears to go 

beyond what has been described for vesiduction in other archaea. PVs trans-

fer pR1SE DNA with only low levels of free host DNA and have a distinct 

protein composition compared to the EVs that Hrr. lacusprofundi produces 

concurrently. Therefore, pR1SE could represent a potential intermediate 

form in virus evolution, supporting the escape hypothesis (see Section 1.2.3). 

The association of pR1SE with at least one culturable host enables us to 

characterize these novel MGEs in the laboratory. Important questions remain 

to be answered, including the host-dependency of PV formation, which would 

determine functional proximity to true viruses, in-depth characterization of 

the pR1SE infection cycle and identification of the spread of pR1SE homo-

logues beyond the hypersaline lakes of Antarctica. 

1.5 Haloarchaea as model systems to study virus-host inter-

actions  

1.5.1 Haloarchaea, obligate halophilic archaea 

Halophilic Euryarchaeota, i.e., haloarchaea are among the best studied ar-

chaeal phyla due to their comparatively easy isolation from hypersaline en-

vironments (> 1.5 M NaCl), where they can be the predominant members of 

the community (Ventosa et al., 2015). As a consequence of their description 

before the discovery of the archaea as a distinct domain of life they are offi-

cially assigned to the Halobacteria class of Euryarchaeota phylum (P. 

DasSarma & S. DasSarma, 2008). The viruses, plasmids and other MGEs 

of halophilic archaea have been studied since the 1970s [see H. Wang et al. 

(2015), and references therein] and show remarkable diversity, similar to the 

MGEs of other archaeal phyla, such as the Thermococcales and Sul-

folobales.  
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Haloarchaea likely evolved from moderately halophilic, i.e., ‘salt-loving’, 

methanogenic Euryarchaeota into obligate halophiles (Nelson-Sathi et al., 

2012). Other halophilic lineages of the Euryarchaeota include the extremely 

halophilic, methanogenic Methanonatronarchaeia (Sorokin et al., 2017), ac-

idophilic Haloplasmatales within the Thermoplasmatota (H. Zhou et al., 

2022), and the small symbiotic Nanohaloarchaeota included in the DPANN 

superphylum (Narasingarao et al., 2012; B. A. Baker et al., 2023). Adaptation 

to hypersaline environments probably occurred in multiple instances across 

Euryarchaeota and DPANN evolution (B. A. Baker et al., 2023).  

 

Haloarchaea are primarily heterotrophs that live in hypersaline environments 

where salinity can approach saturation (> 30% w/v), such as the Dead Sea, 

Great Salt Lake, artificial salterns, soda lakes and salt flats (Ventosa et al., 

2015; S. DasSarma & P. DasSarma, 2017;). While a sizable portion of halo-

archaea are mesophilic, some species are poly-extremophilic and are able 

to deal with low temperatures (DeMaere et al., 2013; T. J. Williams et al., 

2017), low pH (Minegishi et al., 2010), high pH (Sorokin et al., 2018) or any 

combination thereof (Harrison et al., 2013). Adaptations to the harsh envi-

ronmental conditions include osmotic regulation either by high intracellular 

concentrations of organic solutes which appears to be a bacterial solution, 

or a ‘salt-in’ strategy of accumulating high intracellular potassium concentra-

tions (~ 4 M) that haloarchaea employ (Oren, 2013). The latter requires the 

development of a highly acidic and, therefore, negatively charged proteome, 

with accumulation of glutamic and aspartic acid residues ensuring protein 

stability and activity (Oren, 2013; B. A. Baker et al., 2023). Other adaptations 

to high salinity include changes to membrane permeability by unsaturation 

of the isoprenoid chains of bilayer-forming lipids and accumulation of non-

bilayer forming lipids as permeability barriers (Kellermann et al., 2016) and 

GC-rich genomes (S. DasSarma & P. DasSarma, 2017). 
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The cell surface proteins of haloarchaea are extensively modified with poly-

saccharides linked to asparagine residues after translation, i.e., N-glycosyl-

ated. This ensures proper folding, stability and function of proteins under 

hypersaline conditions (Yurist-Doutsch et al., 2010; Tamir & Eichler, 2017; 

Vershinin et al., 2021a; Eichler, 2020). N-glycosylation also appears to play 

additional roles in cell-cell recognition (Shalev et al., 2017; Shalev et al., 

2018) and cell-virus interactions (Kandiba et al., 2012; Shalev et al., 2018; 

Zaretsky et al., 2018).  

The individual composition of N-linked glycans attached the S-layer glyco-

proteins and other cell appendages creates a unique recognition motif on the 

cell surface that can differ even on a strain level (Kaminski et al., 2013; 

Shalev et al., 2018; Pfeiffer et al., 2020). The universal marker genes of the 

N-glycosylation pathway are broadly distributed across archaea (Magidovich 

& Eichler, 2009; Kaminski et al., 2013; Eichler, 2020), but our knowledge of 

the components of N-glycosylation pathway in haloarchaea is mainly based 

on studies performed with H. volcanii (Figure 5). Here, soluble monosaccha-

rides are first sequentially assembled on the cytoplasmic side of the mem-

brane onto a dolichol phosphate carrier, by the glycosyltransferases AglJ, 

AglG, AglI and AglE (Abu-Qarn et al., 2008; Yurist-Doutsch et al., 2008; 

Guan et al., 2010; Kaminski & Eichler, 2010). The tetrasaccharide chain is 

then flipped onto the extracellular side and the key enzyme of the pathway, 

the oligosaccharyltransferase AglB, attaches the glycan to the asparagine 

residues Asn-13 and Asn-83 of the S-layer proteins (Abu-Qarn et al., 2007; 

Kandiba et al., 2016). The fifth and final sugar residue is attached to AglD on 

the cytoplasmic side, delivered across the membrane by AglR and finally 

added to the glycan by AglS (Guan et al., 2010; Cohen-Rosenzweig et al., 

2012; Kaminski et al., 2012).  

Although we now know the N-glycosylation pathway of H. volcanii fairly well 

(Figure 5), characterization of the N-glycosylation pathways of other  
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Figure 5: Genome comparison of the archaeal glycosylation (agl) clusters of H. 
volcanii and Halorubrum sp. PV6. Published gene annotations for agl cluster genes 
in H. volcanii (a) after Abu-Qarn et al. (2007); Abu-Qarn et al. (2008); Yurist-Doutsch 
et al. (2008); Guan et al. (2010); Kaminski and Eichler (2010); Kandiba et al. (2016) 
and Halorubrum spp. PV6 (b) after Zaretsky et al. (2018). The oligosacharyltransfer-
ases (aglBs) are shown in black, glycosyltransferases and glycosylation related 
genes are in dark and light purple respectively. Flippases or flippase-related genes 
are in red, legionaminic acid biosynthesis genes are in orange and biosynthesis re-
lated genes are in yellow. 

haloarchaea is ongoing (Zaretsky et al., 2018; Zaretsky et al., 2019; 

Vershinin et al., 2021a; Vershinin et al., 2021b), and will likely reveal new 

glycan modifications and novel pathway components in the future. 

 

The genomes of haloarchaea are also characterized by extreme polyploidy 

(Soppa, 2013; Zerulla et al., 2014; Ludt & Soppa, 2019), which is tied to 

growth stage and could maintain low mutation rates and provide resistance 

against desiccation (Zerulla & Soppa, 2014). In addition to the chromosome, 

haloarchaeal genomes also contain various small plasmids and megaplas-

mids (S. DasSarma et al., 2009; Wu et al., 2012). Multiple origins of replica-

tion are necessary to maintain and coordinate these multi-replicon genomes 

(Breuert et al., 2006; Norais et al., 2007; Hawkins et al., 2013).  
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Plasmid replication origins may also be able to override chromosomal origins 

by preferential binding of replication initiation proteins as shown in Haloferax 

volcanii (Norais et al., 2007). 

1.5.2 Haloferax volcanii and Halorubrum lacusprofundi 

H. volcanii (Haloferacales) is the model organism for the haloarchaea. First 

isolated from Dead Sea sediment (Mullakhanbhai & Larsen, 1975), subse-

quent efforts have led to the development of a wide arsenal of tools to study 

its cell biology. These include plasmid-mediated gene deletion (Bitan-Banin 

et al., 2003; Allers et al., 2004;), inducible promotors (Allers et al., 2010; 

Rados et al., 2023), recombinant protein labels (Reuter & Maupin-Furlow, 

2004; Davis et al., 2020) and a characterized CRISPR-Cas system (Maier et 

al., 2019).  

These tools have led to new insights into the cellular processes of archaea, 

including motility (Nußbaum et al., 2020), cell division (Liao et al., 2021; 

Nußbaum et al., 2021), cell shape (Brown & Duggin, 2023), extracellular ve-

sicle (Mills et al., 2023) and gas vesicle formation (Winter et al., 2018), mat-

ing (Makkay et al., 2020), small proteomes (Hadjeras et al., 2023), stress 

responses (Mondragon et al., 2022), post-translational modification [Eichler 

(2020), and references therein], ribosome function (Jüttner et al., 2019) and 

DNA replication and repair [Pérez-Arnaiz et al. (2020), and references 

therein]. However, H. volcanii appears to be uniquely unsusceptible to viral 

infection, even within the Haloferax genus (Aguirre Sourrouille et al., 2022) 

and is, therefore, not very well suited as a model organism to study virus-

host interactions in haloarchaea. To date, only the Haloferax Pleomorphic 

Virus 1 (HFPV-1) of the archaea-specific Pleolipoviridae family (Bamford et 

al., 2017; Alarcón-Schumacher et al., 2022) is able to infect H. volcanii where 

it causes growth retardation instead of host lysis in a productive chronic in-

fection (Mäntynen et al., 2021). 
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In contrast, Halorubrum lacusprofundi (Haloferacales) has proven itself a 

useful host organism for studying a diverse range of viruses, virus-like ele-

ments, and symbiotic Nanohaloarchaea (Hamm et al., 2019; Hamm et al., 

2023). An archaeal tailed virus isolated from Deep Lake is able to induce 

lysis in a laboratory strain of Hrr. lacusprofundi ACAM34 that has lost its main 

immune system (Tschitschko et al., 2018; Mercier et al., 2022). Several Hrr. 

lacusprofundi strains are susceptible to infection by the pleomorphic HFPV-

1 virus that exhibits an unusually broad range (Alarcón-Schumacher et al., 

2022). Moreover, Hrr. lacusprofundi is currently the only known host that the 

pR1SE plasmid is able to infect, and in which PVs are produced [see 

Erdmann et al. (2017), and Section 1.4.3].  

 

Hrr. lacusprofundi was the first cold-adapted archaeon to be isolated and 

cultivated in the laboratory (Franzmann et al., 1988) and has become a 

model organism to study cold-adaptation in archaea (S. DasSarma et al., 

2013; P. DasSarma et al., 2017; T. J. Williams et al., 2017). The original 

isolate strains ACAM32 and ACAM34 were obtained from Deep Lake but 

other strains are spread among other hypersaline lakes in eastern Antarctica 

(Erdmann et al., 2017; Tschitschko et al., 2018). These lakes were separated 

from the Southern Ocean around 3,500 years ago (Zwartz et al., 1998; 

Gibson, 1999; Hodgson et al., 2001) and are highly hypersaline [> 30% w/v, 

Ferris and Burton (1988)] with differing concentrations of the major cations 

(Hodgson et al., 2001).  

The microbial community of Deep Lake has been characterized extensively 

(DeMaere et al., 2013; T. J. Williams et al., 2014; Tschitschko et al., 2015) 

and consists in essence of one green algae and four genera of heterotrophic 

archaea. Hrr. lacusprofundi represents approx. 10% of the total microbial 

community (DeMaere et al., 2013). All known strains of Hrr. lacusprofundi 

share the main chromosome, but the secondary chromosome (≥ 500 Mb) 

and the megaplasmid pHLAC01 (≥ 400 Mb) are highly variable between 
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strains (Tschitschko et al., 2018), and can be lost or incorporated under la-

boratory conditions (Mercier et al., 2022). This genomic variability and the 

high ploidy of haloarchaea in general, raises some challenges to the use of 

Hrr. lacusprofundi as a model organism. Although a genetic system on the 

basis of antibiotic resistance has been described (Liao et al., 2016), many 

genetic tools have not yet been established. 

1.5.3 Genetic manipulation of Haloarchaea 

In-depth characterization of virus-host interactions in prokaryotes requires a 

culturable and characterized host organism and ideally molecular biology 

and genetic tools to manipulate the host organism. While many such tools 

exist for H. volcanii, possibilities are currently limited for many other haloar-

chaea, such as Hrr. lacusprofundi. In contrast to other haloarchaea, the main 

chromosome of H. volcanii appears to be comparatively stable, as insertion 

sequences are mainly found in the megaplasmids (Harrison & Allers, 2022), 

which is, of course, beneficial for the stability of genomic tools. 

 

The first genetic systems in the haloarchaea were established in H. volcanii 

on the basis of amino acid auxotrophic mutants generated by induced muta-

genesis (Mevarech & Werczberger, 1985). This was followed by establish-

ment of transformation protocols (Cline et al., 1989) and shuttle vectors de-

rived from the native pHV2 plasmid (Charlebois et al., 1987). Subsequently, 

uracil auxotrophic strains of H. volcanii (Bitan-Banin et al., 2003) were gen-

erated by mutagenesis of the orotate phosphoribosyl-transferase gene 

(pyrE2). In H. volcanii, targeted gene deletion of pyrE2 was achieved with a 

non-functional gene construct carried on a non-replicate shuttle vector. Re-

combination at the pyrE2 gene locus was induced based on a halobacterial 

novobiocin resistance gene (gyrB) (Bitan-Banin et al., 2003). Novobiocin and 

statins, including menviolin and pravastatin, are effective antibiotics against 

archaea, whereas many bacterial antibiotics that act on the peptidoglycan 
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layer are ineffective in archaea (Harrison & Allers, 2022). Overexpression of 

the cellular proteins GyrB and HmgA confers antibiotic resistance in archaea 

(Blaseio & Pfeifer, 1990; Holmes & Dyall-Smith, 1991; Lam & Doolittle, 1992; 

Wendoloski et al., 2001; Harrison & Allers, 2022). Excision of the vector plas-

mid is forced by the addition of 5-fluoroorotic acid (5-FOA) as a counter-se-

lectable marker, which is converted by functional pyrE2 genes into the cyto-

toxic 5-fluoro-UMP (Boeke et al., 1984; Bitan-Banin et al., 2003; Redder & 

Linder, 2012). Subsequent gene deletions no longer require the initial selec-

tion step with antibiotics. Further refinement of this ‘pop-in pop-out’ system 

has led to a well-established genetic system (Allers et al., 2004; Dattani et 

al., 2022) for targeted gene deletions. Inducible promotors also enable ma-

nipulation of gene expression (Allers, 2010; Rados et al., 2023). 

 

Generation of uracil auxotrophic mutants in Hrr. lacusprofundi has been un-

successful so far. Instead, Liao and colleagues (2016) established a genetic 

system for Hrr. lacusprofundi based on pravastatin resistance. However, the 

lack of a strong counter-selection marker means that the pravastatin re-

sistance gene hmgA remains inserted in the genome, thus necessitating very 

high pravastatin concentrations to facilitate additional gene deletions in the 

same strain (Liao et al., 2016). This has already proven to be impractical for 

further genetic manipulation of Hrr. lacusprofundi as copies of hmgA can be 

duplicated and spread among replicons, making the strain functionally re-

sistant. Moreover, transposase-mediated disruption of genes can render 

shuttle vectors non-functional (Liao et al., 2016; Hamm et al., 2019;). Other 

methods are thus needed to establish a genetic system that allows for mul-

tiple gene deletions in the same strain to allow us to study the interactions 

between PVs and their host in more depth under controlled conditions. 
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1.6 Aims of the dissertation 

Plasmid vesicles (PVs) represent a novel type of vesicle containing a specific 

plasmid (pR1SE) which cross the divide between viruses and plasmids. The 

pR1SE plasmid encodes plasmid-specific proteins that are found in the PVs, 

and PVs have a very distinct morphology compared to the morphologically 

diverse EVs. Dissemination of the pR1SE plasmid occurs without direct cell-

to-cell contact or exposure of the plasmid DNA to the extracellular environ-

ment and the infection of plasmid-free host cells occurs rapidly. 

 

This behaviour goes beyond what has been described for the dissemination 

of plasmids in extracellular vesicles and has clear virus-like characteristics 

regarding the transmission in virion-like structures. The evolutionary origin of 

pR1SE and PVs is still unknown, however, this system shows clear parallels 

to one of the proposed theories on the origin of viruses from selfish genetic 

elements and cellular components. The origin of some modern viruses has 

been traced back to prokaryotic plasmids and pR1SE could represent one 

such plasmid caught at an evolutionary snapshot on its way to evolve into a 

genuine virus. 

 

The aim of this work was to provide more insights into this novel extrachro-

mosomal element and its interactions with the host Halorubrum lacuspro-

fundi. The specific aims were as follows: 

 

 To establish a genetic system for Hrr. lacusprofundi. To enable us to 

perform in-frame gene deletions and multiple mutations in a strain, al-

lowing in-depth study of the effect of targeted host genes on plasmid 

vesicles. 
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 To characterize the intracellular replication and particle production of 

PVs during infection in comparison to viruses infecting the same host 

organism 

 

 To determine the effect of post-translational modification of PV coat pro-

teins on particle stability after disruption of the N-glycosylation machinery 

of the host by targeted gene deletion. 

 

 To characterize the lipid content of PVs and extracellular vesicles to 

identify possible patterns of selective uptake of lipid species. Selective 

enrichment was previously identified for some enveloped viruses which 

infect archaea. 

 

 To determine if PV formation is independent of host proteins involved 

with vesicle formation by targeted gene deletion of the small GTPase 

which drives extracellular vesicle formation in a related haloarchaeon, 

Haloferax volcanii 
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Supplementary Figures 
 

Supplementary Figure 1. Attempt of a ΔpyrE2 deletion in Hrr. 
lacusprofundi ACAM34_UNSW using a PCR product of the ΔpyrE2 
construct. PCR with primers targeting the pyrE2 gene region, on a liquid 
culture of cell material scratched from plates with a lawn of transformants. 
Samples from left to right: DNA Ladder (GeneRuler 1 kb Plus DNA Ladder, 
Thermo Scientific™)), (T) ACAM34_UNSW transformant culture and (WT) 
ACAM34_UNSW wild type control. DNA was separated on 1% agarose 
gels and stained with SYBR™ Safe. 
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Supplementary Figure 2. ΔpyrE2 deletion in ACAM34_UNSW using 
pTA131_ΔpyrE2. 
Colony PCR with primers for the pyrE2 gene region. (A) an exemplary 
colony with a transposon insertion is marked with a blue circle and the only 
colony with a deletion (ACAM34_UNSW_ΔpyrE2) is marked with a red 
circle. (B) two clones (S1 and S2 (for S2 see Supplementary Figure 3)) of 
ACAM34_UNSWΔpyrE2 after re-streaking together with a wild type 
ACAM_UNSW control (C+). First lane from the left in all panels: DNA 
marker (GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific™). DNA was 
separated on 1% agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 3. ΔpyrE2 deletion in ACAM34_UNSW using 
pTA131_ΔpyrE2_hmgA. Colony PCR with primers targeting the pyrE2 
gene on pTA131_ΔpyrE2_hmgA transformants. One colony showed a 
pyrE2 gene of reduced size (labelled with a red circle) and was 
subsequently sequenced (ACAM34_UNSWΔpyrE2 S2). First lane from 
the left in all panels: DNA marker (GeneRuler 1 kb Plus DNA Ladder, 
Thermo Scientific™). DNA was separated on 1% agarose gels and 
stained with SYBR™ Safe. 
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Supplementary Figure 4: Light microscopy images from wild type 
and mutant Hrr. lacusprofundi cultures. Cells imaged during mid-
exponential growth (OD600: 0.55-0.65) on agar coated slides (4%). (A- C) 
three biological replicates of ACAM34_UNSW cultures, (D-F) three 
biological replicates of ACAM34_UNSWΔpyrE2 cultures. Top images at 
400x magnification, scale bars represent 10 µm. Bottom images at 1000x 
magnification, scale bars represent 2 µm. 
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Supplementary Figure 5: ΔpyrE2 deletion using pTA131_ΔpyrE2 in 
ACAM34_DSMZ. (A) Colony PCR with primers targeting the pyrE2 gene on 
pTA131_ΔpyrE2 transformants and on colonies from a H2O control 
transformation (marked with a red bracket). A colony with a PCR product 
that was slightly reduced in size (labelled with a red circle) was chosen for 
further characterization (ACAM_DSMZΔpyrE2). (B) PCR with primers 
targeting the pyrE2 gene on ACAM34_DSMZΔpyrE2 after propagation of 
the colony in liquid media. ACAM34_DSMZ wild type served as control 
(+C). First lane from the left in all panels: DNA marker (GeneRuler 1 kb 
Plus DNA Ladder, Thermo Scientific™). DNA was separated on 1% 
agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 6: Transformation of pTA131_hmgA_ΔtrpA into 
ACAM34_UNSW strains. PCR with primers targeting the hmgA gene on 
pTA131_hmgA_ΔtrpA on liquid cultures of transformants of 
ACAM34_UNSW and ACAM34_UNSWΔpyrE2. (+) pTA131_hmgA_ΔtrpA, 
(+P) pTA131_hmgA control, (- P) pTA131 control, (-H2O) H2O control. 
pTA131_hmgA_ΔtrpA could only be detected in ACAM34_UNSWΔpyrE2 
(red circle). Remaining bands are products of unspecific primer binding. First 
lane from the left: DNA marker (GeneRuler 1 kb Plus DNA Ladder, Thermo 
Scientific™). DNA was separated on 1% agarose gels and stained with 
SYBR™ Safe. 

 
Supplementary Figure 7: PCR using genomic primers targeting trpA 
on ACAM34_UNSWΔpyrE2 transformants positive for 
pTA131_hmgA_ΔtrpA. PCR with primers targeting the trpA gene on 
pTA131_hmgA_ΔtrpA transformants of ACAM34_UNSWΔpyrE2. (C1-C4) 
Colonies 1-4, (-C) negative control, (+C) positive control. All transformants 
show a mixture of wild type and mutant trpA. First lane from the left: DNA 
marker (GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific™). DNA was 
separated on 1% agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 8: Pop-out of G4 of ACAM34_UNSWΔpyrE2 
transformants positive for pTA131_hmgA_ΔtrpA. PCR using genomic 
primers targeting trpA on colonies of pTA131_hmgA_ΔtrpA transformant 
ACAM34_UNSWΔpyrE2 after pop-out of G4. (+C) positive control. Lanes 
with no signal are colonies that still include the plasmid where the pop-out 
was not successful. Only one colony showed a mixture of wild type and 
mutant trpA (red circle). First lane from the left in all panels: DNA marker 
(GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific™). DNA was 
separated on 1% agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 9: Pop-out of G4 of ACAM34_UNSWΔpyrE2 
transformants positive for pTA131_hmgA_ΔtrpA. PCR using genomic 
primers targeting trpA on colonies of pTA131_hmgA_ΔtrpA transformant 
ACAM34_UNSWΔpyrE2 after pop-out of G8. (+C) positive control, (-C) 
negative control. Lanes with no signal are colonies that still include the 
plasmid where the pop-out was not successful. The majority of colonies 
showed a mixture of wild type and mutant trpA, only five appeared to have a 
clean deletion (red circles). First lane from the left in all panels: DNA marker 
(GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific™). DNA was 
separated on 1% agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 10: Test for tryptophan auxotrophy of 
ACAM34_UNSWΔpyrE2ΔtrpA strains. PCR using genomic primers 
targeting trpA on 5 potential ACAM34_UNSWΔpyrE2ΔtrpA clones (+C) 
positive control, (-C) negative control. (C1-C5) Colonies 1-5. C2-5 
converted to wild type in media without tryptophan, indicating that they had 
some remaining wild type copies of trpA. C1 was not able to grow in in 
media without tryptophan and shows a clean deletion in the trpA gene. First 
lane from the left: DNA marker (GeneRuler 1 kb Plus DNA Ladder, Thermo 
Scientific™). DNA was separated on 1% agarose gels and stained with 
SYBR™ Safe. 
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Supplementary Figure 11: PCR using primers targeting Hlac_2746 in 
ACAM34_UNSWΔpyrE2ΔtrpA S2 transformants. PCR using genomic 
primers targeting the predicted GTPase (Hlac_2746) on 36 potential 
ACAM34_UNSWΔpyrE2ΔtrpA pTA132_ΔHlac_2746 transformants with 6 
min elongation (+C) positive control wild type ACAM_UNSW genomic 
DNA, (-C) negative control (H2O). (C1-C34) colonies from G4 after 
successive culturing in selective media. (C35-36, marked with blue bar) 
liquid cultures (G5) after cell material was scratched from G4 plates. 
Bands at around 1500 bp indicate wild type Hlac_2746 presence, larger 
bands near 10,000 bp indicate the presence of the knockout plasmid 
integrated into the genome (successful pop-in). Smaller than WT bands 
could indicate already mutated Hlac_2746. First lane from the left in both 
gels: DNA marker (GeneRuler 1 kb Plus DNA Ladder, Thermo 
Scientific™). DNA was separated on 1% agarose gels and stained with 
SYBR™ Safe. 
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Supplementary Figure 12: Screening of G9 of pTA132_ΔHlac_2746 
transformants of ACAM34_UNSWΔpyrE2 ΔtrpA S2 for successful 
pop-out. PCRs targeting the predicted GTPase (Hlac_2746) on 22 
potential ACAM34_UNSWΔpyrE2ΔtrpAΔHlac_2746 clones. (A-B) PCR 
with forward primer binding the genome outside of Hlac_2746 and the 
reverse primer binding pTA132. (-C) negative controls (H2O), (A) C1-11 
and (B) C12-22 colonies picked from G9 plates. Amplified bands indicate 
plasmid presence in the genome and an unsuccessful pop-out. (C) PCR 
using genomic primers targeting Hlac_2746 on C1-22, (-C) negative 
control (H2O). Amplified fragments indicate either wild type or mutated 
Hlac_2746, while no amplification indicates plasmid presence 
(unsuccessful pop-out). First lane from the left: DNA marker (GeneRuler 1 
kb Plus DNA Ladder, Thermo Scientific™). DNA was separated on 1% 
agarose gels and stained with SYBR™ Safe. 
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Supplementary Figure 13: Screening of G8 of 
pTA131_hmgA_ΔHlac_2746 transformants of ACAM34_UNSW 
ΔpyrE2 for successful pop-out. PCR targeting the predicted GTPase 
(Hlac_2746) on 62 potential ACAM34_UNSWΔpyrE2ΔHlac_2746 clones. 
Clones with PCR signals for mutated Hlac_2746 are marked with red 
circles. (-C) negative control with ddH2O, (+C) positive control with wild 
type ACAM34_UNSW genomic DNA. First lane from the left: DNA marker 
(GeneRuler 1 kb Plus DNA Ladder, Thermo Scientific™). DNA was 
separated on 1% agarose gels and stained with SYBR™ Safe. 
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Supplementary Figures 

Supplementary Figure 1: Glycoprotein staining of cells and infectious 
agents. Cell preparations from parent and ΔaglB strains (A) were separated 
via SDS-PAGE (8% Acrylamide) and stained with either periodic acid-Schiff 
staining or Coomassie dye to visualize all proteins. ExcelBand 3-color 
Regular Range Protein Marker (Bio Lab) was added a as a size standard 
(kDa), the position of the S-layer glycoprotein is marked with black arrows in 
this and all following graphs. Purified preparations of HFPV-1 (B), HRTV-
DL1 (C) and PVs (D), produced in their native host organisms, were 
separated via SDS-PAGE (8% Acrylamide). Glycoproteins were visualized 
with the Pro-Q Emerald 300 Glycoprotein Kit (Invitrogen) after which gels 
were stained with Coomassie Dye to visualize all proteins. CandyCane 
Glycoprotein Standard (Invitrogen, left) and broad Range Color Prestained 
Protein Standard (NEB, right) were added as size markers (kDa).  
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Supplementary Figure 2: The ΔaglB mutant shows decreased 
adaptability to changes in sodium chloride concentrations, as 
compared to the parent strain. 
The growth of the parent (ΔpyrE2, circles) and ΔaglB (triangles) strains was 
monitored in media containing NaCl concentrations of 100 g/l = 1.7 M (light 
grey), 180 g/l = 3.1 M (dark grey) or 250 g/l = 4.3 M (black). The growth data 
for 180 g/l was generated in a separate experiment to the data shown in 
Figure 1B, simultaneously with the 100 g/l and 250 g/l cultures. Each point 
represents the average of three biological replicates ± standard deviation of 
the mean. Asterisks indicate when cultures went into biofilm and OD600 could 
no longer be accurately measured. 
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Supplementary Figure 3: Viral and plasmid genome copy numbers in 
cell pellets for the three infectious agents. 
Viral or plasmid gcns per ng of DNA within cells upon infection with HRTV-
DL1 (A) (Figure 3), HFPV-1 (B) (Figure 4), initial (C) and extended infection 
(D) with plasmid pR1SE (Figure 5). Bars represent the average of three 
biological replicates ± standard deviation of the mean for the parental strain 
(dark grey) and the ΔaglB mutant (light grey). 
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Abstract 

Since their discovery, extracellular vesicles (EVs) have changed our view on 

how organisms interact with their extracellular world. EVs are able to traffic 

a diverse array of molecules across different species and even domains, fa-

cilitating numerous functions. In this study, we investigate EV production in 

Haloferax volcanii, as representative for Euryarchaeida. We uncover that 

EVs enclose RNA, with specific transcripts preferentially enriched, including 

those with regulatory potential, and conclude that EVs can act as an RNA 

communication system between haloarchaea. We demonstrate the key role 

of an EV-associated Ras superfamily GTPase for EV formation in H. volcanii 

that is also present across other diverse evolutionary branches of Archaea. 

Ras superfamily GTPases are key players in eukaryotic intracellular vesicle 

formation and trafficking mechanisms that have been crucial for the emer-

gence of Eukaryotes. Therefore, we propose that archaeal EV formation 

could reveal insights into the origin of the compartmentalized eukaryotic cell.  

Introduction 

Extracellular vesicles (EVs) (also referred to as outer membrane vesicles, 

membrane vesicles, or exosomes) are small membrane bound structures 

that bud off from the cellular envelope, and are produced by living cells 

across all domains of life [1–3]. They are able to enclose a wide range of 

cargo, including proteins, nucleic acids, and signaling molecules, facilitating 

a mechanism of interaction with the extracellular world. Communication me-

diated through EVs provides specific advantages for the cell, such as pro-

tection of the cargo from environmental stressors and degradation, the con-

centration of specific molecules into a self-contained structure, and the po-

tential for selective delivery to designated targets [4, 5]. With the diversity of 
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EV composition and the advantages of EV-based communication, prokary-

otic EV trafficking has been connected to a wide range of cellular functions. 

EVs have been discovered to act as defense against viral infection and anti-

biotic stress [6], mediating Bacteria-host interactions through the trafficking 

of regulatory RNA [7, 8], and facilitating the transfer of genetic material be-

tween cells [9, 10]. Both their ubiquity amongst organisms and cellular func-

tions make EVs an exciting new field for exploring intercellular communica-

tion and expand our view of the dynamics driving microbial environments. 

EVs are known to be present in marine and aquatic samples [11, 12], and 

they likely play important roles in regulating environmental microbial popula-

tions. However, while there is a growing amount of research focusing on EVs 

deriving from pathogenic Bacteria and their role in Bacteria-host interactions, 

fewer studies have investigated the role that EVs play in microbial ecology, 

and even less investigate EVs in Archaea. Within the archaeal domain, EVs 

from only a few organisms have been studied. For the Thermoproteota (for-

merly Crenarchaeota) genus, Sulfolobus, vesicles were found to enclose 

proteinaceous toxins [13] as well as fragmented genomic DNA [14]. Mem-

bers of the Euryarchaeida have also been found to produce EVs enriched 

with DNA such as Thermococcus [15]. Halorubrum lacusprofundi [16] was 

found to produce specialized EVs including plasmid-encoded proteins and 

plasmid DNA (named plasmid vesicles, PVs). These studies demonstrate 

the ability of archaeal EVs to transport DNA between cells, which suggests 

that EV production may play an important role in horizontal gene transfer in 

Archaea. This route of genetic exchange may be especially beneficial for 

organisms in extreme environments to counteract various common stress-

ors. 

EV production in Sulfolobus has been linked to its ESCRT (endosomal sort-

ing complex required for transport)-like cell division machinery [14]. The 

ESCRT system is well studied in Eukaryotes, and is responsible for the sort-

ing and production of exosomes and the budding of various viruses [17], 
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suggesting an evolutionary linkage between EV formation in Thermoproteota 

and exosome production in Eukaryotes. However, ESCRT-like proteins are 

not present in most currently annotated Euryarchaeida genomes [18], sug-

gesting that a different mechanism is responsible for EV production. Proteins 

homologous to eukaryotic intracellular vesicle trafficking system were identi-

fied in PVs from Hrr. lacusprofundi, a member of the Euryarchaeida, implying 

that multiple mechanisms of vesicle production exist among the archaeal do-

main [16].  

In order to understand EV production in Euryarchaeida, and in particular hal-

ophilic Archaea (haloarchaea), we used the model organism, Haloferax vol-

canii, to investigate the composition of EVs as well as their capacity to trans-

fer their cargo to other organisms. We observe for the first time particular 

RNAs being enriched in EVs of various haloarchaea, and demonstrate that 

the RNA cargo can be transferred between cells of the same species. We 

also investigated the roles of various genes in EV production, suggesting a 

mechanism for EV generation in halophilic Archaea that is related to intra-

cellular vesicle trafficking in Eukaryotes. From our findings, we hypothesize 

that halophilic Archaea utilize EVs to communicate and potentially regulate 

the microbial community in hypersaline environments. 

Methods 

Strains and media 

Haloferax volcanii strains and other haloarchaea used in this study are sum-

marized in Supplementary Table 1. H. volcanii was either grown in minimal 

media HV-Ca supplemented with the SL10 trace elements and vitamins as 

described for DBCM2 [66] (HV-Cab), or nutrient rich media HV-YPC supple-

mented with the same trace elements and vitamins [66]. Cultures were grown 

in glass flasks aerobically at 120 rpm at the temperatures indicated. For aux-

otrophic strains that required additional nutrients, media was supplemented 
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with uracil (50 µg/mL) and tryptophan (50 µg/mL), depending on the strain 

(Supplementary Table 1). Hbt. salinarum was grown in media described in 

[67], aerobically at 45 °C and 120 rpm. Halorubrum lacusprofundi was grown 

in DBCM2 media [66] aerobically at 28 °C (120 rpm). UV treatment was per-

formed by pouring the culture into a petri dish that was then placed into a UV 

crosslinker from Biometra™ and exposed to 0.05 J of UV radiation. Infection 

of H. volcanii cultures with the virus, HFPV-1, was performed as described 

in [22], and infection was confirmed by PCR as previously described in [22]. 

Generation of knock out strains 

To construct plasmids for the deletion of aglB gene, PCR fragments of the 

upstream and downstream flanking sequences (~ 530 bp) were amplified 

(primers listed in Supplementary Table 2). The upstream and downstream 

fragments were joined by Gibson assembly and the products were digested 

with BamHI and HindIII (restriction sites located on the outer primers) and 

ligated to pTA131 digested with BamHI and HindIII. The resulting plasmid 

was demethylated and then used to transform H. volcanii H26 using the two-

step procedure (pop-in and pop-out) [68]. The expected mutations were ver-

ified by allele-specific PCR to detect the absence of the aglB gene on ge-

nome, yielding strain ∆aglB. 

Isolation and purification of EVs 

For isolation of EVs from H. volcanii, cultures were grown at 45 °C in minimal 

media with serial dilution (two times in exponential growth to OD600 = 0.05) 

before being transferred into nutrient rich media and grown at 28 °C (unless 

otherwise specified). EVs were isolated and purified as described in [69]. 

Briefly, cells were removed at late stationary (~ 144 hours growth) by centrif-

ugation (4,500 x g, 40 min), and EVs were precipitated with the addition of 

polyethylene glycol (PEG) 6000 and incubation at 4 °C. EVs were subse-
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quently pelleted by centrifugation (14,000 x g¸ 50 min, 4 °C) and after resus-

pending the pellet, remaining cell contaminations were removed by an addi-

tional centrifugation (14,000 x g, 10 min) and filtration (1 x 0.45 µm filter, 1 x 

0.2 µm filter). Extracellular nucleic acids were removed with DNase I (New 

England Biolabs, 20 U/mL) and RNase A (New England Biolabs, 20 U/mL) 

[70]. The samples were further purified through an OptiPrep™ density gradi-

ent, yielding two bands containing EVs. 

EVs from H. lacusprofundi were isolated and purified following methods in 

[16]. EVs from Hbt. salinarum were isolated as described for H. volcanii¸ but 

temperature for synchronization and final growth were 45 °C in media de-

scribed above. 

Transmission electron microscopy 

Samples were adsorbed onto a copper grid (FCF200-Cu) for 3 min and neg-

atively stained with 2% uranyl acetate for 45 s. Grids were imaged at 200 kV 

with JEOL JEM-2100 Plus transmission electron microscope. 

RNA extraction and transcriptomic analysis 

RNA was extracted from cell pellets or EV pellets using TRIzol™ (Thermo 

Fischer Scientific). 1 mL TRIzol™ reagent was added to the pellet, homoge-

nized by pipetting, and incubated at room temperature for 5 min. 0.2 mL 

chloroform was added to the sample, gently mixed via inversion, and incu-

bated at room temperature for 10 min. The sample was then centrifuged at 

4 °C for 10 min at maximal speed (~20,000 x g). Upper phase was trans-

ferred to a new tube, and 500 mL isopropanol was added, mixed gently by 

inversion, and incubated at room temperature for 10 min. The sample was 

then centrifuged at 4 °C for 15 min at maximal speed. The supernatant was 

removed and pellets washed twice with ice-cold 75% ethanol. The remaining 

liquid was removed and the pellet was air-dried for 10 min. Pellets were re-

suspended in RNase/DNase free water.  
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Libraries (small RNA libraries) were prepared and sequenced at the Max 

Planck-Genome-Center (Cologne, Germany). Preliminary RNA sequencing 

experiments (see Supplementary Results) were conducted with one repli-

cate, while the final RNA sequencing for both untreated and HFPV-1 infected 

H. volcanii were performed in triplicates. RNA sequencing for H. salinarum 

was conducted with one replicate of cellular RNA and two replicates of EV-

associated RNA pooled together. Read mapping and calculations of gene 

expression and differential expression was performed using Geneious 

Prime® (2021.0.1). Reads were mapped to a compiled version of all genomic 

elements using the Geneious mapper (including a standard read trimming 

step) with 99% minimum overlap identity (90% minimum overlap identity for 

preliminary H. volcanii read mapping and Hbt. salinarum RNAseq). For sam-

ples with 3 or more replicates, differential expression was calculated with 

DESeq2. For samples with only one replicate, the default Geneious differen-

tial expression calculator was used. Transcripts were considered significant 

if transcripts per million (TPM) was greater than 10, log2 fold change was 

greater than 1, and p-value was lower than 0.05. Consensus sequences 

were predicted using MEME [71] with default settings. Sequence alignment 

and structural alignment among asRNA was predicted using locaRNA [72–

74], with the temperature setting set to 28 °C. 

Northern blot 

The Northern blotting protocol was adapted from [75]. Briefly, RNA was ex-

tracted as described above and separated on formaldehyde-MOPS agarose 

gels, with a final concentration of 2% formaldehyde and 2% NuSieve 3:1 

agarose (Lonza). 5 µg RNA was denatured for 10 min at 70 °C with 1 X 

MOPS buffer (20 mM MOPS, 5 mM NaOAc, 1 mM EDTA, pH 7.0), 3.7% 

formaldehyde and loading dye (67 nM EDTA pH 8, bromophenol blue and 

xylene cyanol in deionized formamide). Samples were heat denatured for 10 

min at 70 °C then placed on ice for 3 min before loading onto gel. The gel 
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was run at 125 V for 3 to 4 hours and the RNA was then transferred to a 

Zeta-Probe GT membrane (Bio-Rad) by capillary action with 20 x SSC buffer 

(3 M NaCl, 300 mM Sodium Citrate, pH 7.0) and 2 x SSC buffer. The oligo-

nucleotide probe is listed in Supplementary Table 2, and was labelled with 

[γ-32P] ATP using polynucleotide kinase (Thermo Fisher). 

Plasmid construction and expression of OapA 

The coding region for oapA was amplified by PCR (primers listed in Supple-

mentary Table 2), digested with NcoI and EcoRI (restriction sites located on 

primer extensions), and ligated into pTA1852 digested by PciI and EcoRI. 

The plasmid, pTA1852 (provided by Thorsten Allers), is derived from 

pTA1392 [76] with a replacement of the 112 bp NdeI and NotI region con-

taining an N-terminal 6 x His tag and a C-terminal 1 x StrepII tag with an N-

terminal 7 x His tag and 2 x StrepII tag. Expression of tagged OapA (OapAt) 

on pTA1852 is controlled by tryptophan-inducible promoter, p.tnaA. The re-

sulting plasmid was demethylated and transformed into H. volcanii strain 

H26, and plated onto HV-cab plates (1% agar). 

Expression of OapAt was adapted from [77]. Cultures were grown in HV-YPC 

supplemented with 200 µg/mL tryptophan at 28 °C until OD600 of approxi-

mately 1. Cultures were then supplemented with tryptophan by adding 10% 

of total volume 18% BSW containing 5 mg/mL tryptophan (final concentration 

of 450 µg/mL tryptophan) to the culture. Cultures were grown for 2 hrs at 28 

°C before EVs were quantified as described below.  

Affinity purification of OapAt was modified from [78]. Cells from 500 mL cul-

ture were pelleted (11,000 x g, 40 min) and resuspended in 7 mL Binding 

Buffer (20 mM HEPES pH 7.5, 2 M NaCl, 1 mM PMSF). Cells were lysed by 

sonication (6 x 30 seconds at 35% amplitude) on ice, and treated with 20 µL 

DNase I (New England Biolabs, 20 U/mL) for 1 hr at 28 °C. Lysates were 

centrifuged (20,000 x g, 15 min, 4 °C) and filtered through 0.8 µm, 0.45 µm 

and 0.22 µm pore-size filters. The remaining flow through was incubated 
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overnight with 1 mL Strep-Tactin® Sepharose® beads (iba-lifesciences) 

equilibrated with Binding Buffer and applied to a Poly-Prep chromatography 

column (Bio-Rad). Flow through was run twice on the column, and the col-

umn was then washed 5 x with Binding Buffer. The column was then incu-

bated with 3 mL Elution Buffer (Binding buffer with 5 mM D-desthiobiotin) for 

30 min, and flow through was concentrated using Vivaspin® 500 centrifugal 

concentrator (10,000 MWCO, Sartorius). Expression of OapAt was then con-

firmed using Western blot (Supplementary Figure 15A). 

Protein extraction and analysis 

Protein content of EVs was compared with protein content of cell membranes 

as described previously in Erdmann et al [16]. Proteins were isolated from 

purified EVs (triplicates of each upper band and lower band in density gradi-

ents) and host membranes (in triplicates) from untreated and UV-treated 

samples as described in [69], resulting in a total of 12 EV samples and 6 cell 

membrane samples. TCA precipitated protein mixtures were dissolved in 30 

µL 1 x Laemmli sample buffer and loaded on Any kD™ Mini-PROTEAN® 

TGX™ Precast Protein Gels (Bio-Rad Laboratories, Germany). After short 3 

cm SDS PAGE separation, the gels were visualized with Coomassie staining 

and each gel lanes cut into two slabs, which were processed individually. 

Proteins were in-gel reduced with dithiothreitol, alkylated with iodoacetamide 

and digested overnight with trypsin (Promega Mannheim, Germany). Result-

ing peptide mixtures were extracted twice by exchange of 5% of formic acid 

(FA) and acetonitrile, extracts pooled together and dried down in a vacuum 

centrifuge. Peptides were then re-suspended in 25 µL of 5% formic acid and 

a 5 µL aliquot was analyzed by LC-MS/MS on a nano-UPLC system Ulti-

mate3000 series interfaced to a LTQ Orbitrap-Velos mass spectrometer 

(both Thermo Fisher Scientific, Bremen, Germany). The nano-UPLC was 

equipped with an Acclaim PepMap100 C18 75 µm i.d. x 20 mm trap column 
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and a 75 µm x 15 cm analytical column (3 µm/100 Å, Thermo Fisher Scien-

tific, Bremen, Germany). Peptides were separated using 80 min linear gradi-

ent; solvent A was 0.1% aqueous formic acid and solvent B was 0.1% formic 

acid in neat acetonitrile. Spectra were acquired using Data Dependent Ac-

quisition (DDA) method and Top 20 approach; lock mass was set on m/z = 

445.1200 (polydimethylcyclosiloxane). Three blank runs were performed af-

ter each sample analysis to avoid carryover. Acquired spectra were searched 

against H. volcanii proteins in NCBI database (June 2020, 12045 entries) by 

MaxQuant software (v. 1.6.10.43) using default settings and MBR (Matched 

Between Runs) option. False Discovery Rate (FDR) was 1%, variable modi-

fications – methionine oxidized, cysteine carbamidomethylated and propio-

namide; two miscleavages allowed; minimal number of matched peptides – 

two. Relative quantification was performed using LFQ intensity values calcu-

lated by MaxQuant. Proteins were only considered present in EVs if matched 

with two or more peptides in all EV samples for that condition, and a respec-

tive LFQ value was identified in all  EV samples for that condition. 

 

Differential expression of proteins was calculated using R package, DEP (dif-

ferential enrichment analysis of proteomics data) (v. 1.21.0) [79], based on 

the LFQ intensity values generated by MaxQuant. Differential expression be-

tween EV-associated proteins isolated from upper and lower bands of den-

sity gradient was calculated using three replicates of EVs from untreated cul-

tures. For comparison of protein abundancies in EVs and cell membrane, 

upper and lower bands were pooled together for a total of 6 replicates for EV 

samples and 3 replicates of cell membrane samples. The threshold for sig-

nificant enrichment in EVs was a log2 fold change greater than 1 and ad-

justed p-value lower than 0.05. 
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Identification and phylogenetic analysis of Ras small GTPases across 

the archaeal domain  

Homologs of small GTPase, HVO_3014, were identified in major archaeal 

clades using BLAST and analyzed with Interpro [31] to confirm the presence 

of signatures typical for P-loop GTPases and small GTPases belonging to 

the Ras superfamily. This resulted in 21 sequences from different organisms, 

including H. volcanii and Hrr. Lacusprofundi. These 21 sequences were used 

as a reference database in a DIAMOND [80] search using as query the entire 

protein content of a non-redundant set of 78,768 archaeal and bacterial ge-

nomes comprised of the genome taxonomy database (GTDB) species rep-

resentatives (r207) [81] and the global catalog of earth’s microbiomes (GEM) 

OTU dataset [82] dereplicated at 95% average nucleotide identity  using fas-

tANI [83]. This search resulted in 96,121 hits, and 1,686 true positive hits 

were subsequently selected using an alignment score ratio approach [40]. 

This set was further manually curated, removing the only 5 bacterial 

GTPases based on protein phylogeny using FastTree 2 [84] and MUSCLE 

[85], as well as removing 15 sequences longer than 250 amino acids. This 

resulted in a final protein set of 1,666 archaeal GTPase sequences, repre-

senting the total diversity of this protein family in sequenced archaeal and 

bacterial genomes. The final dataset was aligned with MUSCLE and a phy-

logenetic tree was constructed using IQ-Tree [86] with ultrafast bootstrap 

analysis [87] using 1000 bootstrap replicates and default settings, auto-se-

lecting the substitution model [88]. The phylogenetic tree was visualized on 

iTOL (v 6.6) [89] as unrooted, and taxonomy was mapped onto the resulting 

tree. 

Lipid extraction and analysis 

For the total cell and cell membrane fraction, cells were harvested from 50 

mL of H. volcanii liquid cultures in three biological replicates. The pellets 
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were dissolved in 5 mL DBCM2 salt solution [66] and divided equally into two 

halves. For lipid analysis from total cells 2.5 mL of each replicate were di-

vided into 300 µL aliquots. For extraction of cell membranes, 2.5 mL dis-

solved cell pellet from each replicate was diluted (1:1) with DBCM2 salt so-

lution and sonicated with a microtip sonicator (MS 73 Sonoplus, Bandelin 

electronic, Germany) 3 times for 30 s on ice at 35% output. The lysate was 

treated with DNase I (30 min at 28°C, 10 µL per mL), and spun down in a 

table-top centrifuge (8,000 x g, 30 min, 4 °C) to remove cell debris. Cell mem-

branes were pelleted by ultracentrifugation (MLS-5 rotor, 248,000 x g for 15 

min). The pellets were dissolved in 1 mL DBCM2 salt solution and distributed 

into 4 x 250 µL aliquots. EVs from three biological replicates (200 mL cul-

tures) were treated with DNase and RNase and purified with an Optiprep™ 

gradient (4 hr at 150,920 x g). The resulting EV bands were extracted sepa-

rately from gradients. Instead of PEG 6000 precipitation, the samples were 

concentrated using filter columns (Vivaspin 6, 100,000 MWCO PES, Sarto-

rius, Germany) at 4 °C with a maximal speed of 4,000 x g and washed twice 

with DBCM2 salt solution. Each gradient band was concentrated to 900 µL, 

from which 3 x 300 µL technical replicates were aliquoted. All samples were 

stored at -20 °C until lipid extraction. 

For lipid extraction, samples were sonicated for 1 h in an ice-cooled ultra-

sonication bath and treated with a protocol based on [90]. Phase separation 

after the final centrifugation resulted in an upper lipid-containing organic 

phase, a lower metabolite-containing aqueous phase and a protein-contain-

ing pellet. The separate phases were isolated into combusted glass LC-MS 

vials, dried under constant N2 flow and stored at -20 °C until further analysis. 

Three 300 µL aliquots of sterile DBCM2 salt solution were treated with the 

same protocol as negative controls. 

For ultrahigh performance liquid chromatography (UHPLC) coupled to mass 

spectrometry (MS) analysis, dried samples were resuspended in a solvent 

mixture of dichloromethane:methanol (1:9) and 0.4% of the total lipid extract 
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were injected for total cells, cell membrane and negative control samples, 

4% for EV samples from replicate 1 and 2% for all remaining EV samples. 

Measurements were performed on a Dionex Ultimate 3000 RS UHPLC sys-

tem coupled to a maXis ultrahigh-resolution quadrupole time of flight tandem 

mass spectrometer (Q-TOF MS, Bruker Daltonics). Separation of archaeal 

lipids was achieved on a Waters Acquity UHPLC BEH C18 column (1.7 µm, 

2.1 x 150 mm) at 65 °C using reverse phase chromatography from [91]. 

Briefly, a 26 min gradient was run at a flow rate of 400 µL min-1 beginning 

with 100% A (held for 2 min), followed by an increase to 15% B within 0.1 

min and ramping to 85% B in 19 min, followed by 8 min re-equilibration with 

eluent B. Eluent A was MeOH:H2O (85:15) and eluent B was IPA:MeOH 

(50:50), both with addition of 0.04% HCO2H and 0.1% NH3. Analysis was 

performed in positive ionization mode, scanning from m/z 100 to 2000. MS2 

scans were obtained in data dependent mode.  

Output data were analyzed with the manufacturer’s software (DataAnalysis 

4.4.2, Bruker Daltonics). Lipid compounds were identified based on retention 

time, fractionation pattern and exact masses [60, 92, 93]. Several technical 

replicates were measured for each sample type, of which representative rep-

licates were selected for each biological replicate. Since the EV samples 

showed minimal differences in lipid distribution between bands after ultra-

centrifugation (Supplementary Figure 17B), gradient bands were pooled for 

each biological replicate for further analysis. The samples were compared 

with respect to their relative abundance distributions without absolute quan-

tification as representative standards to correct for response factors for most 

of the detected compounds are lacking. While the fractions represented 

measurements of different percentages of their respective TLE, 0.4% for to-

tal cells and cell membrane and 4% for EV.1 and 2% for EV.2-3, we chose 

not to correct for dilution as it would not affect the relative abundance distri-

butions. 
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The relative abundances were normalized per replicate and averages for 

each fraction were calculated from three biological replicates (total cells and 

cell membrane fraction) and from the upper bands after density gradient cen-

trifugation from three biological replicates (EV fraction). Figures were created 

in R Statistical Software (v4.1.2; R Core Team 2021) with the ggplot2 [94], 

plyr [95] and dplyr packages [96]. 

EV quantification 

EVs were quantified from 2 mL of culture supernatant after removal of cells 

through centrifugation at room temperature (~20,000 x g, 10 min twice, fol-

lowed by 30 min). The supernatant was then filtered through a 0.22 µm pore 

filter. For quantification using fluorescence staining, MitoTracker® Green 

(Invitrogen) was added to the 2 mL (final concentration 500 nM), inverted to 

mix, and incubated at room temperature for 30 min. EVs were precipitated 

overnight at 4 °C using PEG 6000 (final concentration 10%) and pelleted by 

centrifugation (~20,000 x g, 40 min, 4 °C). The EV pellet was resuspended 

in 200 µL 22% buffered sea water (BSW) [66], and transferred to a 0.5 mL 

microcentrifuge tube. Fluorescence was measured on a Spectrophotometer 

(DeNovix, DS-11 FX+) with blue excitation (470 nm) and emission between 

514-567 nm. Base fluorescence of 22% BSW was subtracted from each 

value to remove background noise. For quantification using immunodetec-

tion, EVs were pelleted by centrifugation after PEG precipitation (20,000 x g, 

4 °C, 40 min) and the supernatant was removed completely. The pellet was 

resuspended in 100 µL of 50 mM Tris-HCl, and stored at 4 °C until further 

use. 5 µL of the EV preparation was slowly spotted onto a nitrocellulose 

membrane (BioRad), and left to dry for 1.5 hours. After the membrane was 

dried, blocking was performed with blocking solution (60 g skimmed milk 

powder into 20 mL 1X TBS buffer [10X TBS buffer: 24 g/L Tris-HCl, 5.6 g/L 

Tris, and 88 g/L NaCl, with pH adjusted to pH 7.6 with HCl]) for 30 min, fol-

lowed by incubation with the primary antibody (against HVO_2204, CetZ1, 
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that was found to be highly enriched in EVs [16]) 1:1,000 diluted in blocking 

solution for 1 hr. The membrane was washed twice with 1X TBS-TT (10X 

TBS-TT is 10X TBS buffer with 5 mL/L Tween 20 and 5 mL/L Triton X) and 

once with 1X TBS before incubation with the secondary antibody (IgG anti-

rabbit HRP conjugate, Promega) 1:1,000 diluted in blocking solution for 1 hr. 

Washing steps were repeated and chemiluminescence was visualized using 

Clarity Western ECL Substrate (Bio Rad). Relative chemiluminescence in-

tensity was calculated using ImageJ [97]. Two different quantification meth-

ods were used, because each of them proved unsuitable for some conditions 

tested. We assume that enclosing CetZ1 into EVs can be influenced by par-

ticular conditions. Using CetZ1 [29] as a reporter gene for detection of EVs 

in culture supernatants (immunodetection) was unsuitable when testing tem-

peratures dependencies (Supplementary Figure 2A and B) and did also not 

reflect results that we obtained for EVs from the aglB knockout strain (Sup-

plementary Figure 16D). The fluorescence-based method proved unsuitable 

for quantification of EVs in virus infected cultures, because viral particles also 

appeared to be stained with the fluorescent dye (Supplementary Figure 2F). 

P-values are calculated by unpaired, two-tailed t-test. 

Tracking of EV uptake using 2-14C Uracil  

To generate EVs containing radiolabeled RNA, uracil auxotrophic parental 

strain, H26 [68], and uracil auxotrophic deletion mutant ΔoapA were inocu-

lated into 50 mL of HV-cab supplemented with a mix of unlabeled uracil and 

14C labeled uracil (8.621 µg/mL final concentration, 25 µCi per culture) with 

an optical density (600 nm) of 0.05, each in triplicates. Cultures were grown 

at 28 °C for seven days before EVs were harvested. To harvest the EVs, 

cells were pelleted by centrifugation (4000 x g, 1 hr). The supernatant was 

filtered through a 0.22 µm pore filter to remove the remainder of larger con-

taminants. EVs in the flow through were then concentrated with Vivaspin® 

20 (10,000 MWCO, Sartorius). The filters were washed three times with 22% 
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BSW to remove residual unincorporated 14C uracil and subsequently con-

centrated to 500 µL of radiolabeled EVs per replicate. H. volcanii DS2 was 

grown in HV-YPC media at 45 °C until OD (600 nm) of 1. 60 mL of culture 

were harvested by centrifugation (4000 x g, 20 min), washed with 6 mL HV-

YPC and subsequently resuspended in 6 mL HV-YPC. For each replicate, 

500 µL of cell concentrate were incubated with the 500 µL of EV concentrate 

in a heat block at 28 °C, 300 rpm. After 20 and 90 minutes post incubation, 

300 µL were removed for measurement. The cells were pelleted (5 min, 

10000 x g) and washed 3 times with 22% BSW to remove any residual EVs 

present. The resulting cell pellet was resuspended in 500 µL 22% BSW, 

added to 4 mL scintillation fluid (Ultima Gold™ XR, Perkin Elmer) and meas-

ured in a scintillation counter (Tri-Carb 4910 TR, Perkin Elmer). 

Results 

EV production in H. volcanii is dependent on growth conditions  

The production of EVs and PVs (specialized EVs in the presence of the plas-

mid, pR1SE) has been reported for the Haloarchaeon, Halorubrum lacuspro-

fundi [16]. Both were characterized, revealing the packaging of the plasmid 

pR1SE and a number of plasmid proteins for PVs, and a set of EV-associ-

ated proteins for EVs in absence of pR1SE. To further investigate the gen-

eration and potential function of EVs in Haloarchaea, we chose to use H. 

volcanii because it is a well-established model organism for haloarchaeal cell 

biology with a number of genetic tools available [19, 20]. The capability of H. 

volcanii to produce EVs was also previously reported under UV irradiation 

[21]. EVs were isolated from culture supernatants of H. volcanii and were 

observed to be circular with a diameter ranging from 50 to 150 nm (Figure 

1). Purification of EVs by iodixanol (OptiPrep™) density-based gradient pu-

rification (see Methods) resulted in EVs concentrating into two distinct bands 

in the gradient (Supplementary Figure 1A and B).  
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Figure 1. Transmission electron micrograph of EVs from H. volcanii DS2. EVs 
were isolated from culture supernatants and purified by density gradient centrifuga-
tion. Size bar represents 100 nm. 

No obvious differences distinguishing the two bands could be observed by 

TEM (Supplementary Figure 1C and D). Initial efforts to isolate EVs close to 

the documented optimal temperature of H. volcanii at 45 °C yielded low 

amounts of EVs. However, when lowering the temperature of growth to 28 

°C, we were able to isolate EVs from culture supernatants, suggesting that 

EV production is temperature dependent. To determine the optimal condi-

tions for EV production, we tested different growth temperatures using a flu-

orescence-based method for EV quantification (see methods), and con-

firmed a temperature-dependent production of EVs reflecting what we ob-

served in large scale purifications (Figure 2A). The abundance of EVs in the 

supernatant was determined to peak during early stationary phase (Figure 

2C, Supplementary Figure 2C), indicating that the rate of EV production ver-

sus uptake varies between growth stages.  
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Figure 2. EV abundancies under different conditions and stages of growth. EVs 
were quantified (gray bars) from culture supernatants of H. volcanii DS2 grown under 
different temperatures (A), exposure to UV radiation and viral infection (B), and dur-
ing different stages of growth (C). Blue line illustrates the OD (nm = 600) of cell cul-
tures averaged over 3 replicates. EV quantities from (A) were quantified using fluo-
rescence (see methods) and (B) and (C) were quantified using immunodetection (see 
methods). EV quantifications at different temperatures and different conditions (A 
and B) were conducted at stationary phase, and the EV signal was normalized to OD 
(nm = 600) at the point of measurement. Original spot blots are presented in Supple-
mentary Figure 2. Error bars represent standard deviation over three replicates. RFU 
= relative fluorescence unit. 

Since stress has also been reported to induce EV production, we tested en-

vironmental stress conditions such as UV exposure and virus infection using 

immunodetection-based EV quantification (see methods). Both UV stress (p-

value = 0.067) and infection with the chronic infecting virus, HFPV-1 [22]  



137 

(p-value = 0.130), did not appear to alter EV production significantly under 

the conditions tested (Figure 2B). 

 

H. volcanii EVs are associated with RNA  

EVs of both Sulfolobus (Thermoproteota) and Thermococcus (Euryarchae-

ida) were previously shown to enclose DNA [14, 15]. To determine the nu-

cleic acid contents of H. volcanii EVs, we attempted to isolate both DNA and 

RNA from a purified EV preparation. While DNA extraction yielded negligible 

amounts of DNA associated with the EVs, RNA extraction revealed high 

yields of EV-associated RNA. Nuclease (DNase and RNase) treatment of 

the EVs prior to RNA extraction did not eliminate the presence of RNA, con-

firming that the transcripts are protected and likely enclosed within the vesi-

cles. Analysis of the size distribution of the enclosed RNA revealed differ-

ences between EV-associated RNA and intracellular RNA (Figure 3A). While 

ribosomal subunits were prominent in both EV and cellular preparations, we 

observed populations of RNAs that are significantly enriched in EVs with a 

tendency towards smaller transcripts (Supplementary Figure 3). 

 

EV-associated RNA is enriched in tRNAs, rRNAs and ncRNAs  

Preliminary sequencing approaches of EV-associated RNA (see Supple-

mentary Results) revealed that using small RNA libraries best reflects the 

RNA content of EVs. Additionally, we compared the RNA content of upper 

and lower EV bands in density gradients, revealing that the RNA content 

alone is unlikely the major factor leading to two subpopulations of EVs. Fi-

nally, we deciphered that comparing EV-associated and intracellular RNA is 

crucial to determining the nature of RNA preferentially associated with EVs.  
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Figure 3. RNA composition of haloarchaeal EVs. (A) Analysis of the size distribu-
tion of RNA extracted from purified EVs and whole cells of H. volcanii and Hbt. sa-
linarum. (B) Distributions of RNA subpopulations comparing cellular and EV-associ-
ated RNAs for H. volcanii and Hbt. salinarum. 

Using small RNA libraries, we identified around 4,400 genes represented by 

EV-associated transcripts, comprising the majority of the H. volcanii genome 

with around 79.5% ± 10.5% of genome covered by at least one read (85.2% 

± 0.8% for intracellular reads). Though this encompasses nearly all genes in 

the H. volcanii genome, only 474 of the transcripts identified had a TPM (tran-

script per million) greater than 10, suggesting the majority of identified EV-

associated RNA can be considered transcriptional noise. The most abundant 

of the identified transcripts were tRNAs (68.9 ± 2.1%), followed by non-cod-

ing RNAs (ncRNA, transcripts that do not encode a protein, excluding rRNA 

and tRNA) and rRNAs (16.1 ± 0.9% and 10.4 ± 1.2% respectively) (Figure 

3B). The identified ncRNA include intergenic sRNAs [23, 24] and antisense 

RNAs (asRNA). While we also detected mRNAs in the EV fraction, they only 

constitute about 4.6 ± 0.1% of the RNA population. 

Notably, when we normalized the EV-associated RNA to the intracellular 

RNA (see Methods), the EV-associated RNA represented a unique subset 

of transcripts with little variation among replicates (Figure 4A, Supplementary 
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Table 6). We identified 230 transcripts as highly abundant (TPM > 10) and 

highly enriched (log2 > 1) in EVs. This population comprised of tRNAs, 

rRNAs, ncRNAs and mRNAs, with tRNAs being the most dominant group. 

Surprisingly, while the mRNA fraction was the least represented among EV-

associated RNA, the most enriched (242-fold) among all transcripts was the 

mRNA for the S-layer protein (HVO_2072). A Northern blot analysis probing 

for the full-length mRNA (gene length 2484 bp) in intracellular and EV-asso-

ciated RNA revealed only smaller fragments of the transcript associated with 

EVs (Supplementary Figure 4). Besides HVO_2072, the remainder of highly 

enriched mRNAs were low in abundance (TPM < 10). We predict that the 

enrichment of these mRNA relates to their proximity to the cell envelope 

(transcripts of membrane associated transporters and other transmembrane 

proteins). Both rRNA and tRNA were previously reported to be associated 

with EVs from bacterial and eukaryotic organisms [8, 25, 26], and we hypoth-

esize that their presence across RNA-containing EVs is likely due to their 

structural stability and abundance within cells. 

Within the population of ncRNAs associated with EVs, we identified 74 

ncRNAs that are both highly abundant and enriched in EVs (Table 1, Sup-

plementary Table 7). This population consists of intergenic RNAs as well as 

asRNAs. However, no function has been predicted for any of the intergenic 

ncRNAs so far. We also screened the ncRNAs for consensus sequences or 

a common secondary structure as specific selection markers for EV packag-

ing; however, no common motif could be identified. Nevertheless, the identi-

fied asRNAs (21 asRNAs) appeared to exhibit sequence and structural sim-

ilarities (Supplementary Figure 5A and B). The average length of these 

asRNAs was 45.5 nt (± 5.8 nt), and all are associated with the 5’ end of ISH3-

, ISH5-, ISH8-, ISH9- and ISH11-type transposases from across the genome, 

overlapping with the predicted start codons of the respective transposase 

(Supplementary Figure 5C). 
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Figure 4. EV associated RNA and proteins. Volcano plots of RNA (A) and protein 
(B) abundances in EVs after normalization to cellular RNA abundances and protein 
abundances from cell membranes. Differential RNA abundancies and p-value calcu-
lated using DESeq2. Differential protein abundancies and adjusted p-values calcu-
lated by DEP (see methods). Raw data are presented in Supplementary Tables 6 
and 10. 

Analysis of EV-associated RNA under infection with a virus reveals vi-

ral transcripts associated with EVs  

Direct interactions between EVs and viruses have been documented, 

demonstrating the capacity for EVs  to act as a viral defense mechanism [6] 

or facilitate viral propagation [27]. While we did not observe significant 
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changes to EV quantities under infection with HFPV-1 (Figure 2B), we 

wanted to test whether infection with HFPV-1 would influence the RNA com-

position of EVs and thereby possibly indirectly influence virus-host interac-

tions. 

 

Table 1. Top 15 noncoding RNAs enriched in EVs of H. volcanii. Full tran-
scriptomic data set in Supplementary Table 6. (IG = intergenic, CHR = Chromosome, 
pHV1 – pHV4 = plasmids) 

Name Description 

Ge-
nomic 

ele-
ment 

Position on ge-
nome (bp) 

Log2 ratio p-value 

HVO_2488s 
HVO_2488-89 IG sRNA 
of unknown function CHR 2357769-2357840 6.3 3.00E-150 

HVO_1083s 
HVO_1083-84 IG sRNA 
of unknown function CHR 988804-988820 5.97 3.04E-56 

HVO_C0036s 
HVO_C0036-37 IG sRNA 
of unkown function pHV1 30413-30450 4.71 5.16E-24 

HVO_1026_R 
7S signal recognition par-
ticle RNA CHR 936055-936360 4.5 1.75E-111 

asRNA18 
ISH3-Type transposase-
associated asRNA pHV4 131911-131960 4.25 6.98E-110 

asRNA20 
ISH3-Type transposase-
associated asRNA pHV4 364549-364598 4.14 7.09E-135 

asRNA16 
ISH14-Type transposase-
associated asRNA pHV1 62764-62815 4.06 2.96E-111 

HVO_2565s 
HVO_2565-66 IG sRNA 
of unknown function CHR 2420311-2420327 3.81 2.35E-44 

H62 (Babski 
et al. 2011) 

HVO_1933-4 IG sRNA of 
unkown function CHR 1781262-1781347 3.8 5.33E-17 

asRNA4 
ISH9-Type transposase-
associated asRNA pHV4 115698-115748 3.71 9.34E-99 

asRNA21 
ISH3-Type transposase-
associated asRNA pHV4 413589-413634 3.69 1.93E-102 

asRNA6 
ISH8-Type transposase-
associated asRNA CHR 1010936-1010977 3.67 5.36E-113 

HVO_2006s 
HVO_2006-07 IG sRNA 
of unkown function CHR 1852367-1852383 3.65 6.66E-27 

H124 (Babski 
et al. 2011) 

HVO_0345-46 IG sRNA 
of unkown function CHR 311835-311885 3.58 2.29E-44 

asRNA10 
ISH3-Type transposase-
associated asRNA pHV1 70152-70197 3.43 8.65E-104 
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While it was shown that infection with HFPV-1 drastically altered the tran-

scriptomic landscape of the cell during exponential and early stationary 

growth [22], sRNAseq in late exponential growth revealed a nearly identical 

transcriptional profile when comparing infected and uninfected cells (Supple-

mentary Fig. 6A). Only two genes showed a significant upregulation (log2 > 

1) in the infected cells, HVO_2657 and HVO_0272; however, both are in 

general rather weakly expressed (TPM < 15). When comparing the RNA con-

tent of EVs between infected and uninfected cells, two transcripts were found 

to be significantly higher in abundance in EVs of infected cells: HVO_A0466 

and HVO_0272 (Supplementary Fig. 6A). While HVO_0272 mRNA was 

about 4-fold upregulated in infected cells (log2 ~ 2), it was about 10-fold up-

regulated (log2 ~ 5) in EVs of infected cells (Supplementary Fig. 6), indicat-

ing that the packaging of this transcript into EVs increases significantly upon 

infection. Surprisingly, it appeared that the majority of reads mapping to 

HVO_0272 only map to two short regions of about 30 nt within the coding 

region of the gene that are identical to a region on the viral genome. There-

fore, we conclude that the upregulation of HVO_0272 is due to viral tran-

scripts mapping to the host genome. 

Subsequently, when mapping reads to the virus genome, we detected a sig-

nificant amount of viral transcripts in EVs. While only 1.7 ± 0.07% of intracel-

lular RNA mapped to the HFPV-1 genome, 4.0 ± 0.10% of EV-associated 

RNA mapped to the viral genome, suggesting a slight enrichment of virus-

derived transcripts in EVs. Both cellular and EV-associated RNA mapped the 

entire HFPV-1 genome, and no enrichment of particular viral RNAs could be 

detected in EVs (Supplementary Figure 7). However, the detection of viral 

transcripts within EVs shows that they are also exported in EVs together with 

host RNA. 
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Generation of RNA-enriched EVs could be detected in other haloar-

chaea  

We were also interested in whether RNA-enriched EVs are a conserved phe-

nomenon among halophilic Archaea. Therefore, we tested Halobacterium 

salinarum and Halorubrum lacusprofundi for EV production and EV-associ-

ated RNA content. EVs could be isolated from both organisms (Supplemen-

tary Figure 8A and B), and they were likewise found to be enriched in RNA. 

The size distribution of EV-associated RNA indicates an enrichment for a 

specific RNA population (Figure 3A and Supplementary Figure 8C). How-

ever, we only proceeded with sequence analysis of EV-associated RNA of 

Hbt. salinarum. 

RNA sequencing revealed 85.4% of the Hbt. salinarum genome was covered 

by at least one read from EV-associated RNA (94.5% from intracellular RNA 

library). The distribution of RNA populations were very similar between H. 

volcanii and Hbt. salinarum EVs (Figure 3B), with the majority of EV-associ-

ated transcripts being tRNAs. 

 

After normalizing EV-associated RNA with intracellular RNA, we identified 

228 transcripts as highly abundant and highly enriched in Hbt. salinarum EVs 

(Supplementary Table 8). The transcript for the S-layer subunit was similarly 

one of the most enriched EV-associated transcripts in Hbt. salinarum. The 

most enriched transcript was a 29 nt asRNA mapping to the coding region of 

VNG_RS00640, a predicted helix-turn-helix domain protein of unknown func-

tion. We also identified 16 highly enriched transposase-associated asRNA 

that associate with a larger range of transposase families than those from H. 

volcanii, some of which overlap with the respective predicted start codon. In 

total, 35 ncRNAs were identified as highly enriched and highly abundant in 

EVs of Hbt. salinarum. Of the ncRNA enriched in Hbt. salinarum EVs, 6 are 

sense-overlapping transposase-associated RNA (sotRNA) [28], and 2 are 
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intergenic sRNAs with high sequence identities to the predicted sRNAs from 

H. volcanii, HVO_2908s and H3.2 [23], that were also found in H. volcanii 

EVs. 

EVs are enriched with specific proteins  

The protein compositions of H. volcanii EVs and their respective cellular 

membranes were identified by mass spectrometry (LC-MS). Since we deter-

mined no difference between the RNA content of upper and lower bands of 

EV preparations in OptiPrep™ gradients, we analyzed the bands separately 

for protein content to uncover possible differences in protein composition. 

We identified 401 proteins associated with EVs deriving from the upper band 

and 384 proteins from the lower band. However, only 1 protein was found to 

be more abundant in the upper band and 2 more abundant in the lower band, 

while the majority of proteins appeared to be consistent between upper and 

lower bands (Supplementary Figure 9). Therefore, we concluded that protein 

content alone is most likely not the major factor causing the separation into 

two bands and pooled the results from both bands for further analysis. 

In total, we identified 328 proteins associated with EVs and 668 proteins in 

the cellular membrane preparations. We compared the abundancies of pro-

teins in EVs with those in cell membranes and obtained 11 proteins signifi-

cantly enriched in EVs (log2 > 1, adjusted p-value < 0.05) (Supplementary 

Table 9, Figure 4B), including one protein exclusively detected in EVs (hy-

pothetical protein, HVO_2519, with unknown function and no detectable con-

served domains). Several CetZ proteins, including CetZ5 (HVO_2013), 

CetZ1 (HVO_2204), and CetZ2 (HVO_0745), were also identified to be en-

riched in EVs. CetZ1 and CetZ2 have been shown to be involved in control-

ling cell shape and motility in H. volcanii, and the CetZ protein family has 

been predicted to be involved in other cell surface-related functions in Ar-

chaea [29, 30].  
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Other highly enriched, notable proteins include FtsZ2 (cell division protein), 

HVO_1134 (hypothetical protein), HVO_2985 (hypothetical protein), 

HVO_1964 (YlmC sporulation protein), and two ABC transporter proteins. 

Hypothetical protein, HVO_1134, is predicted to contain a rod domain (In-

terpro) [31], building α-helical coiled coils (Phyre2, I-TASSER) [32, 33], a 

structure that is also found in viral fusion proteins, representing a candidate 

gene potentially involved in EV fusion. 

Most interesting was the enrichment of the small GTPase, HVO_3014 

(OapA), a homolog of the Sar1/Arf1-like GTPase that was also found to be 

enriched in Hrr. lacusprofundi EVs, Hlac_2746 [16] (Figure 4B). OapA was 

initially thought to have an influence on genome replication due to its asso-

ciation with the origin of replication. However, despite a study characterizing 

a mutant strain, no distinct function could be assigned to OapA so far [34]. 

The best homologs for HVO_3014, using a Hidden Markov Model (HMM) 

based search [35] are Rab-family GTPases (Supplementary Figure 10). 

Rab-family GTPases belong to the Ras superfamily of small GTPases whose 

functions include regulating vesicle and membrane trafficking in Eukary-

otes[36]. In Eukaryotes, all three types of carrier vesicles (COPI, COP II and 

clathrin-coated vesicles) require the activation of a small Ras family GTPase 

to initiate vesicle coat assembly [37]. A COPI-like mechanism of vesicle for-

mation involving a Ras family GTPase was already proposed for Hrr. la-

cusprofundi [16].  

We also analyzed the protein composition of EVs from UV-treated cells and 

compared them with membrane-associated proteins isolated from their re-

spective cells, to determine whether UV treatment would alter protein com-

position of the EVs. We identified 377 proteins associated with EVs and 668 

proteins associated with their respective cell membranes. We identified 11 

proteins to be enriched in EVs from UV-treated cells (Supplementary Table 

10, Supplementary Figure 11A). All proteins identified as enriched in EVs 

from untreated cells were also identified as enriched in EVs from UV-treated 
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cells, except for the small GTPase, HVO_3014, that was calculated as 

equally enriched but did not pass the E-value threshold. Instead, one addi-

tional ABC transport protein (HVO_2399) was identified as enriched. 

 

Differential expression analysis only identifies proteins that are present in 

higher abundancies in EVs than in cell membranes, leaving out other pro-

teins that could be functionally relevant but are present in equal or lower 

abundancies when normalized to the cell membrane. For instance, the small 

GTPase, HVO_3014, was not identified to be enriched in EVs from UV-

treated cells using a standard threshold, yet we observe its integral relation-

ship to EV production in H. volcanii (see below). Therefore, we also identified 

the proteins that were found to be present amongst all 12 EV samples ana-

lyzed (Supplementary Table 11) and identified 285 proteins present across 

all samples. All proteins identified as enriched by differential expression anal-

ysis were also present in this list, except HVO_2399 identified as enriched in 

EVs from UV-treated cells, suggesting that the protein composition slightly 

changes upon UV exposure. The most abundant protein was cytoskeletal 

protein, CetZ1, followed by the S-layer protein, HVO_2072. Other notable 

proteins within this list were ribonuclease J (HVO_2724), diadenylate 

cyclase (HVO_1660), and HVO_1020 (hypothetical protein). RNase J is an 

exonuclease, and could be relevant to the enrichment of RNAs found asso-

ciated in the EVs. Diadenylate cyclases are responsible for the production of 

cyclic-di-AMP, a common secondary messenger among Bacteria and Ar-

chaea, including H. volcanii [38]. HVO_1020 is a homolog (55% sequence 

identity) to H. lacusprofundi PQQ ß-propeller repeat domain-containing pro-

tein, Hlac_2402, that was also identified in H. lacusprofundi EVs [16] and has 

similarities to the gamma subunit of COPI. 
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Knockout of oapA abolishes EV formation  

To investigate the proposed involvement of OapA in EV production in H. vol-

canii, we compared the phenotypes of an OapA knockout strain [34] to the 

respective parental strain (H26). The OapA knockout strain yielded a dra-

matically reduced amount of EVs in comparison to the parental strain (about 

70% reduction, p-value = 0.007) (Figure 5A, Supplementary Figure 2F).  

Gradient purification of concentrated OapA mutant supernatant resulted in 

either no distinct band or only one band with reduced intensity at about the 

same height of the upper band in density gradients of the parental strain 

(Supplementary Figure 12). RNA extracted from this single band yielded very 

low RNA concentrations and was not detectable on a fragment analyzer. In-

terestingly, resequencing of the strain revealed the activity of a known pro-

viral region (HVO_1422 – HVO_1434) in the H. volcanii genome [39] (Sup-

plementary Figure 13). Therefore, we propose that the remaining particles 

isolated from supernatants of OapA knockout strain cultures that concen-

trated in one band of the density gradient could be cell debris and virus par-

ticles, and that the strain is unable to produce EVs associated with RNA. 

Phenotypic changes of the cell shape/morphology were also observed for 

the knockout strain (Supplementary Fig. 14A). The formation of rod-shaped 

cells appears to be less frequent when oapA is deleted. Interestingly, the 

OapA mutant also showed a slightly increased growth rate when compared 

to the parental strain in our laboratory (Supplementary Fig. 14B).  
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Figure 5. Analysis of H. volcanii EV-associated GTPase, OapA, and homo-
logues in other Archaea. (A) Quantification of EVs in the culture supernatant of the 
OapA knockout strain and the respective parental strain. (B) Quantification of EVs in 
the culture supernatant of OapA knockout strain and respective parental strain ex-
pressing OapAt under an inducible promotor (pTA1852-OapAt), compared to a control 
with the empty vector (pTA1852-empty). EVs were quantified using immunodetection 
(see methods) and were averaged over three replicates with error bars denoting 
standard deviations. Original spot blots are presented in Supplementary Figures 2D 
and 16A. (C) Unrooted phylogenetic tree of the identified small GTPases across the 
archaeal domain. Red arrow indicates position of GTPase from H. volcanii. Blue dots 
represent branches with bootstrap value greater than 95. 

Further, overexpression of OapA in an OapA wild-type background strain 

(H26) resulted in increased vesicle production (4-fold, p-value = 0.005) (Fig-

ure 5). The hypervesiculation phenotype was confirmed by both quantifica-

tion and TEM (Figure 5, Supplementary Figure 15B and C), further implicat-

ing the crucial role of OapA for EV production.  

Ras-superfamily GTPases are conserved amongst various archaeal 

clades  

To get an overview of whether this particular Ras-superfamily GTPase is 

present in other Archaea, we searched for proteins with high similarity to 

HVO_3014 against archaeal and bacterial GTDB species representatives 

using an alignment score ratio approach (see methods) [40]. 1666 archaeal 

proteins were identified across 14 phyla of Archaea, with an uneven distribu-

tion of GTPases across these phyla (Supplementary Figure 16, Supplemen-

tary Table 12). The majority of GTPases were identified among the Eu-

ryarchaeida, Halobacteria and Methanobacteriota, as well as in 7 DPANN 

phyla, including Nanoarchaeota, Nanohaloarchaeota, and Altiarchaeota. In-

terestingly, only 8 Korarchaeota out of 970 Thermoproteota genomes ana-

lyzed contained a homologous small GTPase. Further, only 8 out of 183 As-

gardarchaeota were identified to contain a homologous small GTPase. As 

expected, we were also unable to identify any homologs in two well-studied 

EV-producing organisms, Sulfolobus (Thermoproteota), that is known to 
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generate EVs using ESCRT-like proteins, and Thermococcus  (Methanobac-

teriota_B), for which other proteins were suggested to be involved in EV for-

mation [14, 41].  

A phylogenetic tree was constructed from the alignment of the GTPase da-

tabase to determine the evolutionary relationships between the GTPases 

identified and whether they align with taxonomy of the organisms (Figure 

5C). Both DPANN and Euryarchaeota appear to have distinct subclades of 

this family of GTPase that group separately from each other. Within each 

superphyla, there was also some internal organization. For instance, all of 

the GTPases of Halobacteria and Methanobacteriota formed distinct groups, 

separate from the other Euryarchaeida with mostly small branches, suggest-

ing strong sequence similarity within these groups. Similarly, the nanoar-

chaeal GTPases also formed a distinct group from the other DPANN organ-

isms. However, the branch lengths were long in relation to the rest of the 

tree, suggesting a higher variation of sequences within this group. While the 

bootstrap values of the DPANN and Euryarchaeida branches (100 and 99 

respectively) indicate that this division in this family of GTPases based on 

taxonomy is well supported, the organization of the smaller third branch con-

taining Asgardarchaeota, Thermoproteota, and Hydrothermarchaeota were 

not as well supported (bootstrap value of 56). However, the GTPases within 

this cluster form smaller sub-clusters that correlate with their phyla. 

Testing other knockout mutants provides further insight into the mech-

anisms of EV formation  

CetZ1 and CetZ2 were amongst the most abundant proteins in EVs; how-

ever, we were able to isolate EVs from the supernatant of both CetZ1 and 

CetZ2 knockout strains. While quantification of EVs by the immunodetection-

based method was not possible for the CetZ1 knockout strain, we did not 

have any indication when purifying EVs that EV production was drastically 

altered for CetZ1 and CetZ2 knockout strains (Supplementary Figure 17). 
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RNA could also be isolated from EVs of this strain, and the size distribution 

of EV-associated RNA was nearly identical when compared to the parental 

strain (Supplemental Figure 17). 

Previous studies in Bacteria have shown that destabilization of the cell en-

velope results in a ‘hypervesiculation’ phenotype [42, 43]. To investigate 

whether changes in cell envelope stability would similarly affect EV produc-

tion in H. volcanii, we assessed EV production in an aglB knockout strain. 

Cells lacking AglB are unable to N-glycosylate the S-layer glycoprotein and 

absence of AglB results in enhanced release of the S-layer glycoprotein [44]. 

Thus, deletion of this protein causes a destabilization of the structural integ-

rity of the cell envelope. Indeed, we observed a significant increase in EV 

production from the aglB knockout strain during the purification process as 

well as by TEM (Supplementary Figure 18A and B). While we could not con-

firm this result when using the immunodetection-based assay for quantifying 

EVs (Supplementary Figure 18D), EV quantification by fluorescence staining 

confirmed an increase in EV production (Supplementary Figure 18E), indi-

cating that CetZ1 incorporation into EVs is altered in this mutant. Interest-

ingly, we observed a drastic change to the morphology of EVs in the mutant. 

The surface of EVs isolated from the aglB knockout strain was significantly 

different from EVs of the parental strain, appearing very fuzzy (Supplemen-

tary Figure 18C), likely due to the instability of the S-layer. Further, while we 

isolated a significantly larger amount of EVs from the mutant, the RNA yield 

was slightly lower in EVs (Supplementary Figure 18F), suggesting that a 

great portion of EVs are likely budding randomly without enclosing RNA.  
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Lipid analysis reveals differences in the relative abundance of distinct 

lipids between cells and EVs 

To determine whether EVs selectively enclose particular lipids, we analysed 

the lipid content of EVs and compared the relative abundances of different 

lipid compounds in EVs to that of cell membranes and total cells of H. vol-

canii. We detected minimal differences in proportions of lipid types between 

EVs deriving from upper and lower bands of a density gradient (Supplemen-

tary Figure 19B), indicating that the lipid content alone is not the differentiat-

ing factor between the two subpopulations. We therefore chose to pool sam-

ples from different bands of each replicate for comparison.  

Lipids with phosphate-based polar head groups were dominant across all 

samples. Methylated-phosphatidylglycerolphosphate-archaeol (Me-PGP-

ARP) both in saturated and unsaturated form (:n) represented the most 

abundant lipid across samples, with relative abundances of 53.9 ± 2%  in 

whole cells, 66.4 ± 8.81%  in cell membranes and 46.8± 1.91% in EVs (Fig-

ure 6, Supplementary Figure 19A). The ratio of unsaturated to total Me-PGP-

AR abundance was identical in cells and cell membranes (28 ± 1.64% and 

29 ± 3.6%), but the comparative amount of unsaturated Me-PGP-AR was 

lower in the vesicle fraction (11.1 ± 3%) (Supplementary Table 13). Phos-

phatidylglycerol-archaeol (PG-AR) was the second most abundant lipid in all 

fractions (18.8 ± 5.3%, 17 ± 3.7% and 32.6 ± 2.9% for cells, cell membranes 

and EVs respectively) and showed the highest degree of unsaturation (either 

4 or 6 double bonds). The ratio of unsaturated to total PG-AR did not show 

a large variation between cellular (36.1 ± 4.1%), cell membrane (38.9 ± 

6.4%) and extracellular fractions (31.3 ± 9%). Sulfated-diglycosyl-archaeol 

(S-2G-AR) showed relative abundances of 5.75 ± 4.4% (whole cells), 6.8 ± 

3.9% (cell membrane) and 12.9 ± 1.5% (EVs) respectively, with negligible 

amounts of unsaturated lipids detected in the whole cell and cell membrane 

fraction.  
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Figure 6. Average distribution of lipid compounds comparing whole cells, cell 
membranes and EVs of H. volcanii. The average (n = 3) relative abundance of 
lipids was calculated for each preparation; whole cells, cell membrane and extracel-
lular vesicles (EVs) based on the peak area of the most abundant adduct for each 
compound. The distribution in the individual samples is shown in Supplementary Fig-
ure 17A. For the EV fraction, bands after density gradient purification were pooled 
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together from 3 biological replicates. Lipids were identified based on their retention 
time, fractionation pattern and exact mass.  

Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal chains), CL = cardi-
olipin, :nUS = lipid with n number of unsaturations, UK = unknown compound. Lipids 
with neutral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR = core-AR. Li-
pids with anionic headgroups: Me-PGP = phosphatidylglycerophosphate methyl es-
ters, PG = phosphatidylglycerol, S-2G =sulfated diglycosyl, S-GP = sulfoglycophos-
pho, S-2G-P = sulfated diglycosyl-phospho. 

 

Lipids with a neutral headgroup, such as diglycosyl-archaeol (2G-AR) or no 

head group, such as core-archaeol (C-AR), were detected in all fractions but 

showed higher relative abundances in the EV samples (2.57 ± 0.19% and 

4.1 ± 1%) compared to lipid extracts from cells and cell membranes (<1.2 ± 

0.2%). A notable difference was also observed for dimeric phospholipids (or 

cardiolipins, CL). While they contributed 20.1 ± 9.7% and 9.04 ± 8.1% of the 

total lipids in whole cells and cell membrane samples respectively, they were 

almost undetectable in the EV samples (0.91 ± 0.41%). Interestingly, we 

were not able to detect any extended archaeol lipids (C25 instead of C20 iso-

prenoidal chains) with relevant concentrations in any of the samples, despite 

how common they are among many haloarchaea [45]. 

 

As expected, we could not detect any lipid compounds which were only pre-

sent in the vesicular fraction but not in cells or cell membranes. However, the 

lipid composition of EVs differed significantly to that of cells and cell mem-

branes when comparing the relative abundance patterns of different lipid 

groups. The distribution between unsaturated and saturated compounds 

shifts towards saturated lipids from 67.5 ± 2.7% and 68.7 ± 1.7% in whole 

cell and cell membrane extracts, to 84.4 ± 4.7% in EVs (Supplementary Ta-

ble 13). In the vesicle fraction this is likely attributable to the absence of car-

diolipins and the lower abundance of unsaturated Me-PGP-ARs. 
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Figure 7. Transfer of radioactively labelled RNA by EVs. EVs were isolated from 
cells (H26 and H26 ΔoapA) incubated with radiolabeled uracil, resulting in EVs asso-
ciated with radiolabeled RNA. EVs were then incubated with non-labelled cells and 
intracellular radioactivity in decays per minute (DPM) was measured 20 and 90 
minutes post incubation using a scintillation counter. 

EV-associated RNA is taken up by H. volcanii cells  

In order to test the ability for EVs to deliver the RNA cargo to a target organ-

ism, we used 14C-labelled uracil as a reporter to track the movement of RNA. 

EV preparations from the EV-deficient OapA knockout strain served as a 

control.  

About 98% of the introduced radioactivity was taken up by both the parental 

strain and the OapA knockout strain over 6 days of growth. Subsequently, 

1.90% of the radioactivity was detected in EV preparations of the parental 

strain, whereas only 0.11% was detected in EVs of the OapA knockout strain. 

After 20 min of incubation of the labelled EV preparations with fresh cells, we 

could detect a transfer of radioactivity into the unlabeled cells, with parental 

strain EVs transferring significantly more radioactivity than the OapA knock-

out strain EV preparation (Figure 7). Measurements after 90 min of incuba-

tion did not show a change of radioactive uptake from EVs of both strains, 
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indicating that the transfer was already complete after 20 min. Thereby we 

confirm that the RNA enclosed in H. volcanii EVs can be internalized by H. 

volcanii cells in a short time frame. 

Discussion 

While more evidence arises that EVs play important roles in mediating im-

portant cellular functions in Bacteria and Eukaryota, there is still a dispropor-

tionate lack of information regarding the function and cargo of EVs in Ar-

chaea. Characterization of archaeal EV production and their biochemical 

composition can not only provide insights into the interactions between mi-

croorganisms in their unique environments, but also allow insights into the 

evolution of eukaryotic membrane trafficking mechanisms. EV production 

has been previously reported in haloarchaea [16], and here we used the 

haloarchaeal model organism, H. volcanii, to investigate the nature of these 

EVs and the mechanisms of EV production. 

EV production by H. volcanii appeared to be influenced by temperature, while 

UV exposure and infection with a chronic virus had no significant influence 

under the conditions tested. EVs are heterogeneous in size, ranging from 

50-150 nm. Analysis of the nucleic acid content of EVs produced by H. vol-

canii, as well as other haloarchaea, revealed that EVs are associated with 

RNA, as it has been described for some bacterial and eukaryotic EVs [46, 

47], indicating that RNA associated EVs are conserved among all three do-

mains of life. Thermococcus onnurineus (Euryarchaeida) has previously 

been reported to produce EVs containing RNA [41]; however, no characteri-

zation of EV-associated RNA was carried out for this organism. Treatment 

of EVs with nucleases did not eliminate the presence of EV-associated RNA. 

Additionally, TEM analysis comparing the wild type and a mutant with a de-

stabilized S-layer, clearly showed that the surface of EVs is covered by the 
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S-layer without any evidence for nucleic acids (Figure 1, Supplementary Fig-

ure 18C), and destabilization of the S-layer did not abolish the RNA cargo. 

Therefore, we infer that the RNA is internalized within EVs. 

During preliminary data acquisition, we realized that a comprehensive pic-

ture of the EV composition is only gained when comparing the EV composi-

tion with the respective composition of the cell or the cell membrane, an ap-

proach that should be more common to studies investigating EVs. 

While the RNA composition of H. volcanii EVs, both under normal growth 

conditions and under infection with a virus, appears to reflect intracellular 

levels to a certain extent, there is a distinct population of transcripts associ-

ated with EVs that does not correlate with the respective intracellular abun-

dance, but are instead more enriched within EVs. The majority of highly en-

riched transcripts encode for tRNAs and rRNA, and we suggest that they are 

enriched due to both their structural stability and their high intracellular abun-

dance. Both tRNAs and rRNAs have been observed at high abundancies in 

vesicle-associated transcriptomics in bacterial EVs [8, 25], and could there-

fore be a commonality among EVs from prokaryotic organisms. Interestingly, 

the most enriched mRNA that we detected was shown to be non-specifically 

fragmented in the EV-associated RNA fraction. Since we could not identify a 

common sequence or structural motif that would allow for a specific selection 

of particular RNAs to be enclosed into EVs, we suggest that the size, stability 

or both are a defining factor for packaging. Additionally, the positioning of an 

mRNA close to the cell envelope, such as the mRNA of the S-layer protein, 

could play a role in determining the RNA population of EVs. Results we ob-

tained from EVs of viral infected cultures showed that the RNA composition 

did not change significantly upon infection in both cells and EVs; however, 

we detected viral RNAs in the cells and subsequently also in EVs, clearly 

representing the current transcriptional state of the EV-producing cell. When 

exposing cells to UV radiation, we subsequently observed changes to the 
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RNA composition in EVs of UV-treated cells when compared to those of un-

treated cells (Supplementary Results, Supplementary Table 5). However, we 

did not acquire data to compare EV and intracellular transcriptomes, making 

it difficult to conclude with confidence whether these changes are due to 

changes in the cell. Nevertheless, since UV-treatment is known to influence 

the transcriptional landscape in H. volcanii cells [21], we assume that the 

changes observed in EVs are reflecting changes in the cell. In conclusion, 

we propose that RNA is taken up randomly into EVs, with transcripts that are 

highly enriched in the cell as well as transcripts that are translated at the cell 

envelope being preferably packaged. The respective cargo could be pro-

cessed within EVs by RNases present in the vesicles (see protein content of 

EVs), leading to the degradation of mRNAs and a selection towards more 

stable RNAs (ncRNAs, tRNAs, rRNAs). Alternatively, there could also be a 

preselection for small-sized RNAs for packaging into EVs. Both scenarios 

lead to an RNA cargo representing a transcriptomic snapshot of the cell with 

a particular enrichment in RNAs with a regulatory potential (ncRNAs, tRNAs), 

as we observe in H. volcanii EVs.  

The expression of ncRNAs in H. volcanii has been observed to shift dramat-

ically under different conditions [48], and we predict that the population of 

packaged ncRNAs also reflects this shift. There are some notable, studied 

examples showing EV-packaged ncRNAs regulating gene expression in a 

receiving organism, such as EV-associated ncRNAs of Vibrio fischeri [8] and 

Pseudomonas aeruginosa [7], and we identify ncRNAs with regulatory po-

tential associated with H. volcanii EVs. For example, we find a number of 

asRNAs overlapping with the start codon of various transposases that could 

potentially modulate the activity of transposases in a receiving organism. Un-

fortunately, the other identified ncRNAs do not have predicted functions. Cur-

rently, the nature of ncRNA-mediated regulation in Archaea is still unknown, 

with the majority of identified and predicted ncRNAs being uncharacterized. 
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We have demonstrated that EVs of H. volcanii are able to transfer RNA be-

tween cells, and that RNA associated EVs are also produced by other halo-

archaea. Therefore, we propose that halophilic archaea produce EVs as an 

intercellular communication mechanism to reflect the current intracellular 

state of the organism, and possibly influence gene expression in the receiv-

ing cell in response to environmental stimuli.  

Proteomic analysis of EVs allowed us to draw conclusions about the mech-

anisms of the formation of EVs in haloarchaea. CetZ proteins were found 

particularly prominent in EVs of H. volcanii and Hrr. lacusprofundi [16]. How-

ever, EV production could still be observed from knockout strains of the en-

riched CetZ proteins (Supplementary Figure 17), suggesting that they do not 

play a significant role in EV formation in H. volcanii. CetZ proteins are known 

to be associated with the cell envelope [29], and we assume that this loose 

association could lead to enclosing of CetZ proteins during EV formation. 

Alternatively, the treatment that we used to prepare cell membranes could 

have also dissociated CetZ proteins from the membrane, leaving the impres-

sion that CetZ proteins are enriched in EVs. We also suggest that this could 

be true for other membrane-associated proteins. 

 

In contrast, the knockout of a small GTPase (OapA), a Ras-superfamily 

GTPase with homology to a predicted Sar1/Arf1- GTPase that was also de-

tected in PVs and EVs of Hrr. lacusprofundi [16], showed a very strong effect 

on EV formation. While the knockout of OapA results in a EV-deficient strain, 

overexpression of the small GTPase in the wild-type background leads to 

overvesiculation, further demonstrating the key role this protein plays in EV 

formation in haloarchaea. Rab and Arf GTPases, belonging to the Ras su-

perfamily, are integral to the production of various vesicles in eukaryotic cells 

[49], including COP vesicles. COP vesicles regulate the trafficking of spe-

cialized lipids and proteins between the endoplasmic reticulum and Golgi ap-

paratus [37]. The production of these vesicles requires the activation of the 
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GTPase in order to recruit the coat complex, resulting in deformation of the 

cell envelope and subsequent budding of the vesicle [50, 51]. Deletion of this 

protein in Eukaryotes results in the elimination in the production of COP ves-

icles [52], and we have observed a similar suppression when knocking out 

the GTPase in H. volcanii, demonstrating that a functional Rab/Arf-related 

GTPase exists in Archaea and is able to regulate vesicle production. Homol-

ogous proteins of this new family of archaeal Ras-superfamily small GTPase 

can be identified across not only haloarchaea and Euryarchaeida, but also 

within other major branches in the archaeal domain, suggesting that this 

mechanism of EV production is widespread among specific clades of Ar-

chaea, specifically within Euryarchaeida and DPANN. Further, we observed 

that the archaeal GTPases group in accordance to their phylogeny, implying 

that these Archaea had acquired the gene early in their evolutionary past. 

Only a few phyla outside of DPANN and Euryarchaeida were found to con-

tain this family of GTPase, forming a small branch containing Asgardarchae-

ota, Thermoprotea, and Hydrothermarchaeota. Within this branch, only spe-

cific clades of each phyla were represented, suggesting that the gene was 

attained in those clades through horizontal gene transfer events. Small 

GTPases within the Ras superfamily have been identified previously in Ar-

chaea, some of which clustering closely with known eukaryotic Ras GTPases 

[53]. These specific eukaryotic and eukaryotic-like GTPases contain a con-

served aspartate in the G3 region that is also present in the H. volcanii 

GTPase, OapA, suggesting that the family of archaeal small GTPases iden-

tified in this study is also closely related to the eukaryotic Ras GTPases. 

Though homologs were not as widely identified among other clades, this 

could be due to the fact that some clades are represented by uncultured 

organisms and their respective MAGs or that the small GTPases present in 

those organisms are too divergent from the subfamily identified here. We 

opted for a more stringent search for homologous proteins across the ar-
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chaeal domain that could have excluded other novel archaeal protein fami-

lies more distantly related to the GTPase family identified here, but also still 

carry out the same function. For instance, only 3% of the surveyed Asgardar-

chaeota contained a homolog to OapA, yet they have been shown to contain 

small GTPases in close genomic proximity to other coatomer-like proteins, 

suggesting that they also contain a functionally similar GTPase [54]. Further-

more, we identified one ß-propeller repeat containing protein (WD40 do-

mains) associated with EVs with homologs identified in EVs from Hrr. la-

cusprofundi [16]. Proteins with WD40 domains  can also be identified in the 

coatomer of intracellular vesicles of Eukaryotes [37]. Therefore, we propose 

that proteins involved in EV formation in haloarchaea, along with other line-

ages of the archaeal domain, could represent evolutionary precursors to pro-

teins facilitating intracellular vesicle formation in Eukaryotes. Asgardarchae-

ota, the currently known closest relatives to Eukaryotes [55], have been 

shown  to encode homologs to ESCRT machinery proteins, a group of pro-

teins that are involved in EV production in Eukaryotes [56] and have recently 

been shown to be crucial for EV formation in Sulfolobus [14].  Asgardarchae-

ota have also been shown to encode homologs to intracellular membrane 

trafficking proteins, such as Ras-like GTPases like those identified in this 

study, and WD40 domain proteins [54]. Provided that the Ras GTPases and 

ESCRT proteins in Asgardarchaeota function in a similar manner to those 

characterized for Sulfolobus and H. volcanii, this represents two major mech-

anisms of eukaryotic vesicle formation potentially combined within one ar-

chaeal organism similar to Eukaryotes. Finally, this new family of archaeal 

Ras-superfamily GTPases appears to be highly conserved among DPANN 

archaea, implicating that vesicle formation, or a related mechanisms involv-

ing the GTPase, could be very crucial for DPANN archaea that are known 

for their symbiotic lifestyle [57]. The identification of precursors of eukaryotic 

intracellular vesicle formation in both free-living and symbiotic Archaea could 

have implications for a revision of the eukaryogenesis hypothesis. 
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We found other proteins that could also play a role in EV function, such as 

those with enzymatic functions or transport related proteins. Enzymatic ac-

tivity was detected for EVs from the abundant marine cyanobacterium, Pro-

chlorococcus [58], suggesting that EV-associated proteins can facilitate spe-

cific reactions extracellularly. Components of ABC transport systems make 

up the overall majority of proteins associated with EVs of H. volcanii, and 

were also detected in high abundancies in EVs and PVs of Hrr. lacusprofundi 

[16] as well as other characterized EVs [14]. While this enrichment could be 

due to their high abundance in the cell envelope, the binding capacity of the 

EV-associated solute-binding proteins could also allow sequestration of rare 

nutrients that could be incorporated by the receiving cell [59]. Alternatively, 

EVs could play a role in the removal of obsolete proteins from the cell enve-

lope, such as components of ABC transporters, allowing the cell to refresh 

the composition of the envelope to better adapt to their environment. Fur-

thermore, we identified a highly enriched diadenylate-cyclase, an enzyme 

involved in the formation of cyclic di-AMP. These molecules are known sec-

ondary messengers in H. volcanii [38] and could be enriched with EVs, 

providing an additional mechanism of communication. 

Analysis of the lipid composition of EVs in comparison to the lipid composi-

tion of whole cells and cell membranes revealed some unexpected differ-

ences. We were able to detect the major bilayer forming lipids PG-AR, Me-

PGP-AR, S-2G-AR, C-AR, 2G-AR and cardiolipins, that were previously de-

scribed for H. volcanii [60, 61] in all samples, albeit in different relative 

amounts. Me-PGP-AR and PG-AR were the two most abundant lipid species 

across all samples, while the cardiolipins (CL) contributed to a notable por-

tion of the intact polar lipids (IPLs) in cells and cell membranes and were 

surprisingly only detected in low abundances in EVs. CLs are considered to 

be important for membrane curvature [62]; therefore, we expected them to 

be essential in EVs due to the high degree of bilayer curvature in the vesi-

cles. However, Kellermann et al [60] observed that changing extracellular 
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Mg2+ levels influence CL and Me-PGP ratios in H. volcanii and proposed that 

changes to the ratio of the two compounds are used to control membrane 

permeability in neutrophilic haloarchaea, in response to extracellular Mg2+ 

levels. As we cultivated H. volcanii in medium with a constant high Mg2+ con-

centration (174 mM) it is not surprising that Me-PGP-AR was the most prom-

inent phospholipid species across all samples. This could also explain the 

absence of CLs in EVs, as Me-PGP-AR may be sufficient to ensure mem-

brane stability in the smaller-sized EVs under high Mg2+ concentrations. 

 

C-ARs and 2G-AR showed the opposite trend to cardiolipins, with an in-

crease in their relative abundance in EVs compared to the cellular fraction. 

EVs of the hyperthermophilic Sulfolobus solfataricus were also shown to con-

tain the same lipid species as the respective producing cells with significant 

shifts in the ratio of particular lipid compounds [63], similar to what we ob-

serve in H. volcanii. Differences between the lipid composition of cells and 

EVs could point towards a specific enrichment of particular lipid compounds 

in the EVs. 

 

In summary, we show that EV production and the enclosing of RNA into EVs 

is common for multiple haloarchaeal species. We propose that the formation 

of EVs in haloarchaea is an active and conserved process, considering the 

conditionality of EV production along with their molecular composition that 

differs significantly from the originating cell, and the crucial involvement of a 

GTPase that is conserved among haloarchaea and other archaeal lineages.  

The enrichment of RNA with regulatory potential in EVs and the conservation 

of this process among different species lets us propose that halophilic Ar-

chaea utilize EVs as a communication mechanism influencing gene expres-

sion at a population-wide scale, as it has been proposed for some Bacteria 

[7, 8]. Finally, we propose that EV formation in haloarchaea, and potentially 
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a wide range of other Archaea, is related to Ras superfamily GTPase-de-

pendent intracellular vesicle trafficking in Eukaryotes. Together with vesicle 

formation by Sulfolobus species that is dependent on ESCRT-like proteins 

[14], and related extracellular trafficking facilitated by ESCRT proteins in Eu-

karyotes, archaeal EV production sheds light on the evolution of both intra- 

and extracellular vesicle trafficking in Eukaryotes and might help to elucidate 

the eukaryogenesis puzzle [64]. 
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Abstract 

Extracellular vesicles (EVs) mediate interactions between microorganisms 

and the extracellular environment by trafficking a wide variety of cargo. Pre-

vious investigation of the lipid composition of the halophilic archaeon Halo-

ferax volcanii (Mills et al., 2023) showed high levels of unsaturation in the 

main bilayer-forming lipids and a selective uptake of intact polar lipids (IPLs) 

into EVs. In this addendum to Mills et al. (2023), we expand the analysis to 

four strains of a related haloarchaeon, Halorubrum lacusprofundi. We com-

pared two pR1SE plasmid infected strains, DL18 and R1S1, which produce 

specialized plasmid vesicles (PVs) in addition to standard EVs, to two unin-

fected strains UNSW and DSMZ. The main difference between the four 

strains was the presence or absence of a pR1SE-infection, however, the ef-

fect of the PVs on the total vesicle population could not yet be isolated. Com-

parison between H. volcanii and Hrr. lacusprofundi showed shared predom-

inant archaeol (AR) species but differences in enrichment into the vesicle 

fractions. IPLs with neutral or without head groups were selectively enriched 

into the H. volcanii EV fraction, while cardiolipins and total unsaturated lipids 

declined. For Hrr. lacusprofundi, cardiolipins were not detected at high con-

centrations and both cellular and vesicle fractions showed a higher level of 

membrane unsaturation mainly driven by highly (6 double bonds) unsatu-

rated phosphatidylglycerol-ARs and core-ARs. These differences could be 

caused by shifts in concentrations of individual cations in the growth media 

of the respective species. Yet, we are able to demonstrate selective enrich-

ment of specific IPLs into the vesicle fraction for two species of haloarchaea. 

This enrichment mirrors previous observations of membrane enveloped vi-

ruses infecting archaea and could be caused by lipid-protein interactions or 

physical processes during budding of virions or vesicles from the host mem-

brane.  
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Introduction 

In our investigations into the content of the extracellular vesicles (EVs) of 

Haloferax volcanii recounted in Mills et al. (2023) in the previous section, the 

lipid content of their membrane naturally came up as an avenue of investi-

gation. The phospholipids of archaea have a unique composition in which 

the highly methylated isoprenoid chains are linked to a glycerol-1-phosphate 

via an ether bond. Bacterial and eukaryotic phospholipids are built out of fatty 

acids linked to glycerol-3-phosphate with an ester bond in an opposite ste-

reochemistry to archaeal lipids (Jain et al., 2014; Caforio & Driessen, 2017). 

The lipid chemistry of archaea and the resulting changes to membrane per-

meability have been identified as one of the major factors in their adaptation 

to extreme environments where energy conservation is of vital importance 

(van de Vossenberg et al., 1999; Valentine, 2007; Siliakus et al., 2017). Ar-

chaeal lipids can be divided broadly into two categories, tetraether lipids and 

archaeols, based on their basal units, but additional modifications of the 

chains and the polar head group lead to a remarkable diversity in archaeal 

lipids (Jain et al., 2014; Caforio & Driessen, 2017).  

 

Polar lipids that form the monolayer membranes of the hyperthermophilic 

Thermoproteota (Villanueva et al., 2014) and the mainly mesophilic Thaum-

archaeota (Elling et al., 2017) phyla are characterized by a C40 glycerol-di-

alkylglycerol tetraether lipid (GDGTs or tetraether lipids) with sugar or phos-

phor-sugar head groups (Schouten et al., 2013; Villanueva et al., 2014; 

Caforio & Driessen, 2017). The other main class of archaeal lipids are the 

bilayer-forming C20 sn-2,3-dyacilglycerol diether lipids (archaeol, AR) with 

phosphate head groups which are commonly found in Euryarchaeota 

(Villanueva et al., 2014; Kellermann et al., 2016; Caforio & Driessen, 2017). 

The archaeols can be further modified by e.g., elongated isoprenoid chains 

(C25) or double bonds in the isoprenoid chains (Dawson et al., 2012; 
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Kellermann et al., 2016). In addition to the membrane-forming archaeols 

(Yoshinaga et al., 2011) the membranes of haloarchaea (Halobacteria, Eu-

ryarchaeota) also contain non-membrane-forming lipid classes that are pre-

dicted to fulfil a variety of functions including electron shuttling and mem-

brane permeability regulation (e.g. quinones, carotenoids, squalenes) 

(Kushwaha et al., 1974; Hauß et al., 2002; Kellermann et al., 2016). Haloar-

chaeal cell membranes are further distinguished from other archaeal lipids 

by highly negatively charged head groups (Kellermann et al., 2016), a higher 

degree of lipid unsaturation, the ability to regulate lipid modifications in re-

sponse to changes in salinity (Dawson et al., 2012; Kellermann et al., 2016), 

cation-lipid interactions (Kellermann et al., 2016) and asymmetric configura-

tions (C20 – C25) of extended isoprenoid chains (Dawson et al., 2012). In-

deed, the tight regulation of membrane permeability appears to be essential 

for the ‘salt-in’ strategy of osmoregulation, which haloarchaea employ by ac-

cumulating K+ intracellularly and extruding Na2+ cations (Oren, 1999).  

 

The precise molecular basis for the formation and scission of EVs from the 

cellular membranes of archaea is currently unknown. Nevertheless, analysis 

of the lipid composition of EVs compared to cell membranes can indicate 

possible lipid segregation processes during EV budding and scission from 

the membrane. These could be caused by the three-dimensional shapes of 

specific lipid species or interactions with vesicle formation machinery pro-

teins. A previous study characterized the lipid content of the EVs obtained 

from several Sulfolobus species (Ellen et al., 2009) and showed reduced 

abundance of lipids with cyclopentane rings within the EVs but no significant 

difference to the overall lipid composition of the cell membrane. Direct com-

parisons are difficult to make, however, since the membrane-forming lipids 

of Thermoproteota and Euryarchaeota have fundamentally different struc-

tures as described above. We are not currently aware of any published work 

around the lipid content of haloarchaeal EVs. However, some membrane 
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containing viruses that infect haloarchaea have shown enrichment of specific 

lipids compared to their hosts (Bamford et al., 2005; Pietilä et al., 2012; Roine 

& Bamford, 2012). Roine and Bamford (2012) hypothesized that this effect 

could be caused by preferential binding of virus proteins to specific lipid spe-

cies but this has not yet been experimentally verified in archaea.  

 

In this addendum to Mills et al. (2023), we expand the characterization of the 

lipid composition of EVs produced by H. volcanii and examine the lipid com-

position of a related haloarchaeon, Halorubrum lacusprofundi (Franzmann 

et al., 1988; Gupta et al., 2015). We compare the lipid compositions of both 

species and identify patterns of selective enrichment into the vesicle fraction 

of haloarchaea.  

In addition to EVs, Hrr. lacusprofundi cells infected with the pR1SE plasmid 

produce specialized plasmid vesicles (PVs), containing the pR1SE plasmid 

(Erdmann et al., 2017). PVs have a unique protein composition compared to 

the EVs and show a viral-like lifestyle by infecting new host cells without cell-

to-cell contact, leading to the dissemination of the pR1SE plasmid in the pop-

ulation. Hrr. lacusprofundi is currently the only known host of pR1SE and 

producer of PVs, which are produced alongside EVs in infected cells. We are 

not yet able to physically separate the two vesicle populations. Therefore, 

we compare the lipid composition of vesicles produced by two pR1SE-in-

fected strains of Hrr. lacusprofundi, which produce PVs and EVs, and two 

uninfected strains of Hrr. lacusprofundi that only produce EVs in order to 

determine possible contributions of PVs to the overall composition of the ves-

icle fraction.  
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Methods 

Cultivation of Hrr. lacusprofundi cultures and sample preparation 

A detailed description of the of H. volcanii samples is given in the precious 

section, Mills et al. (2023). For Hrr. lacusprofundi, lipids were extracted from 

whole cells, the cellular membrane and the extracellular vesicles of two 

pR1SE infected strains of Hrr. lacusprofundi, R1S1 and DL18 (Erdmann et 

al., 2017), and two un-infected strains ACAM34_UNSW and 

ACAM34_DSMZ (Mercier et al., 2022) in two biological replicates per strain. 

The individual Hrr. lacusprofundi strains will be referred to using only their 

strain names in the following text, whereas H. volcanii samples will be indi-

cated by the species name as only one strain was used for analysis. Infection 

of Hrr. lacusprofundi strains was confirmed prior to extraction with PCR on 

aliquots of cells obtained from liquid cultures using a pR1SE-specific primer 

set (5’-GACAGAGACCGGGAAACTGG-3’ and reverse: 5’- AGGCGG-

TACTTGAGCTTGTC-3’) and a Q5-Polymerase (NEB, Ipswich, MA, USA) 

and with a previously established PCR protocol described in detail in Chapter 

I (Gebhard et al., 2023). 

 

Liquid cultures of Hrr. lacusprofundi were grown at 28 °C and 120 rpm in 

DBCM2+ medium modified from standard DBCM2 medium by the addition 

of more organic substrates (Burns & Dyall-Smith, 2006); 180 g/l NaCl, 25 g/l 

MgCl, 29 g/l MgSO4·7H2O, 5.8 g/l KCl, 1 g/l peptone (Oxoid, Basingstoke, 

United Kingdom), 0.5 g/l yeast extract (Oxoid), dissolved in ddH2O with pH 

adjusted to 7.5. Supplements were added after autoclaving; 6 ml/l 1 M CaCl2, 

2 ml/l K2HPO4 buffer (Dyall-Smith, 2009), 4.4 ml/l 25 % (w/v) sodium py-

ruvate, 5 ml/l 1 M NH4Cl, 1 ml/l SL10 trace elements solution and 3 ml/l vita-

min 10 solution (Dyall-Smith, 2009). After five passages through DBCM2 me-

dium, each biological replicate was separated into 3 x 500 ml liquid cultures 

each supplemented with 30 ml 10x YPC (50 g/l yeast extract, 10 g/l peptone, 
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10 g/l casamino acids, all Oxoid adjusted to pH 7.4 with KOH Buffer and 

autoclaved) which were pooled together for each biol. replicate during har-

vesting. 

Sample preparation, lipid extraction and analysis 

Harvesting of liquid cultures by centrifugation (45 min, 4500 x g at 4 °C) sep-

arated cells from the vesicle fraction, which was further purified by PEG6000 

precipitation (10% [v/v], at 4 °C overnight), followed by centrifugation at 

30,000 x g for 45 min at 4 °C (JA-14, Beckman-Coulter). The precipitates 

were resuspended in DBCM2 salt solution (without organic additives) and 

filtered through syringe top filters (1x 0.8 µm, 1x 0.45 µm and 2x 0.2 µm pore 

size in sequence). In contrast to the H. volcanii samples, vesicle preparations 

from the Hrr. lacusprofundi strains were further purified in CsCl gradients, 

0.45 g/ml CsCl dissolved in DBCM2 salt solution dissolved 1:1 with sterile 

ddH2O followed by centrifugation at 247,000 x g at 4 °C for 20 h (SW41Ti 

rotor), instead of OptiPrepTM gradients (Sigma-Aldrich, St. Louis, MO, USA). 

This arrangement was chosen since Hrr. lacusprofundi vesicles can be puri-

fied in CsCl gradients, likely due to different density properties compared to 

H. volcanii EVs, and CsCl residues are most likely less contaminating in later 

mass spectrometry analysis. Gradient bands were extracted separately after 

ultracentrifugation and concentrated with filter columns (Vivaspin 6, 100,000 

MWCO PES (Sartorius, Göttingen, Germany)) at 4 °C and 4000 x g, washed 

twice with DBCM2 salt solution and resuspended to a final volume of 1 ml. 

From this volume 3 x 200 µl were distributed into three tubes as technical 

replicates for lipid extraction and stored at -20 °C until further analysis. 

 

For the total cell and cell membrane fraction, aliquots of pellets obtained from 

each biological replicate equal to approx. 50 ml of liquid culture, were 

washed twice with DBCM2 salt solution, split into two equal halves and sub-

sequently dissolved in 1.6 ml of DBCM2 salt solution for each extraction.  
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For the lipid analysis of total cells, 1.6 ml were further aliquoted into 3 x 300 

µl technical replicates for lipid extraction. For the cell membranes, 1.6 ml of 

dissolved cell pellet from each replicate was diluted (1:1) with DBCM2 salt 

solution and sonicated with a microtip sonicator (MS 73 Sonoplus, Bandelin 

electronic, Germany) 3 x for 30 s on ice at 35% output. Lysed samples were 

treated with DNase I (30 min at 28 °C, 10 µl/mL), followed by centrifugation 

in a table-top centrifuge (8000 x g, 30 min at 4 °C). Cell membranes were 

separated from cell contents by ultracentrifugation (SW41Ti rotor, 247,000 x 

g for 15 min). Subsequently, the pellets were dissolved in 1 ml DBCM2 salt 

solution and distributed into 4 x 250 µl aliquots as technical replicates for lipid 

extraction. All samples were stored at -20 °C until further processing. 

 

Lipid extraction was performed with a modified protocol from Giavalisco et 

al. (2011) which is described in detail in the previous section under Lipid 

extraction and analysis in the Methods. After phase separation, the upper 

lipid-containing phase of each sample was transferred into a combusted 

glass LC-MS vial, dried under constant N2 flow and stored at -20 °C until 

further analysis. The same protocol was also applied to four 300 µl aliquots 

of sterile DBCM2 salt solution as negative controls.  

Dried samples were resuspended and diluted in 1 ml of a solvent mixture of 

dichloromethane:methanol (1:9) and further diluted to a final concentration 

of 0.4% of total lipid extract (TLE) for whole cells and cell membrane sam-

ples, and 1 % TLE for vesicle samples. Measurements were performed on 

10 µl of sample on a Dionex Ultimate 3000 RS UHPLC system coupled to a 

maXis ultrahigh-resolution quadrupole time of flight tandem mass spectrom-

eter (Q-TOF MS, Bruker Daltonics) using reverse phase chromatography as 

described in detail in the previous section.  

 

The output was analyzed with the software provided by the manufacturer 

(DataAnalysis 4.4.2, Bruker Daltonics), intact polar lipids were identified 
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based on retention time, fractionation pattern and exact mass (Yoshinaga et 

al., 2011; Kellermann et al., 2016; Bale et al., 2019). Several technical repli-

cates were measured for each sample type, of which representative repli-

cates were selected for each biological replicate for each fraction (see Sup-

plementary Figures 5 & 6 for a breakdown of the samples used for each 

strain). As for the H. volcanii samples, EV samples from different gradient 

bands in the DL18 and R1S1 strains showed minimal differences in lipid dis-

tribution and were therefore pooled for each biological replicate. No distinct 

bands were observed in the gradients of EV samples from the UNSW and 

DSMZ strains.  

 

Relative abundances were calculated separately for each replicate and av-

erages for each fraction were first pooled from three technical replicates per 

biological replicate and subsequently averaged for two biological replicates 

for each Hrr. lacusprofundi strain. For the vesicle fraction, the results from 

samples obtained from different gradient bands were pooled first for each 

band, then for each biological replicate and finally averaged for two biological 

replicates per Hrr. lacusprofundi strain. All comparisons between samples 

were made based on the relative abundance distributions of intact polar lipids 

without quantification, therefore differences in dilution of total TLE were not 

considered between sample types. IPLs were identified based on retention 

time, fractionation pattern and exact masses after Yoshinaga et al. (2011); 

Kellermann et al. (2016); Bale et al. (2019). Unsaturated IPLs were identified 

based on the shift of major ions to 2 m/z lower values per double bond and 

earlier elution times. Figures showing individual mass spectra were created 

with DataAnalysis (version 4.4.2, Bruker Daltonics, Billerica, MA, USA) which 

was also the main software used for analysis. Relative abundance figures 

were created in R (v4.1.2; R Core Team 2021) using the ggplot2 (Wickham, 

2016), plyr (Wickham, 2011) and dplyr packages (Wickham et al., 2022).  
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Results & Discussion 

Enrichment of specific lipid compounds in the extracellular vesicles of 

H. volcanii 

Analysis of the lipid content of EVs obtained from H. volcanii strain DS2 had 

shown clear shifts in the relative abundances of certain lipid compounds be-

tween cellular fractions and the EV fraction [see Figure 1 and Mills et al. 

(2023)]. Sub-populations of EVs separated by density gradient centrifugation 

did not show significant differences suggesting that lipid composition is not 

the factor driving differential separation and were therefore pooled together 

to reach an overarching comparison of the total EV population (see Supple-

mentary Figure 1 and Supplementary Table 1).  

 

To summarize, intact polar lipids (IPLs) with negatively charged phosphate 

head groups were the predominant class of lipids across all fractions in H. 

volcanii (Mills et al., 2023). We were able to detect the major bilayer–forming 

IPLs that have been previously described for H. volcanii (Sprott et al., 2003; 

Kellermann et al., 2016). Methylated-phosphatidyl-glycerolphosphate-ar-

chaeol (Me-PGP-AR) and phosphatidylglycerol-archaeol (PG-AR) were the 

two most abundant IPLs across all samples, followed by sulfated-diglycosyl-

archaeol (S-2G-AR). Both Me-PGP-AR and PG-AR were identified in satu-

rated and unsaturated forms, with PG-ARs showing the highest degree of 

unsaturation of up to 6 double bonds (Figure 1). No IPLs were specific to the 

EV fraction, but lipids with neutral head groups or no head group, diglycosyl-

archaeol (2G-AR) or core-archaeol (C-AR) respectively, were enriched in 

EVs relative to the cellular fractions. Dimeric phospholipids (or cardiolipins, 

CL) composed of two pairs of isoprenoid chains, were almost undetectable 

in the EV samples, but represented a notable portion of the IPLs in the cells 

and cellular membranes. The low abundance of cardiolipins (CL) in the EV 
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fraction came as a surprise since they are considered to contribute to mem-

brane curvature (Mileykovskaya & Dowhan, 2009). Our initial hypothesis 

would have expected them in the vesicle fractions due to the high degree of 

bilayer curvature in the vesicles. However, it may be that the curvature of 

EVs is too extreme to be facilitated by CLs. However, the lack of CLs could 

also come as a result of the increased abundance of Me-PGP-AR. 

Kellermann et al. (2016) showed that the relative abundances of CLs and 

Me-PGP-AR shifted in response to changes in extracellular Mg2+ concentra-

tions and proposed that this shift could be used to control membrane perme-

ability in neutrophilic haloarchaea. At the comparatively high Mg2+ concen-

tration (174 mM) in the culture medium used for H. volcanii in this study, Me-

PGP-AR appears to take over as the predominant IPL as it is able to bind 

divalent cations (e.g., Mg2+) compared to PGs or CLs. 

 

Kellermann et al. (2016) proposed that Mg2+ cations bound to Me-PGP-AR 

could form a protective layer to regulate membrane permeability against 

Na2+. This shift may potentially interfere with enrichment of CLs into the ves-

icle fraction if the overall abundance is lower across the cell membrane. Me-

PGP-AR might also be sufficient to ensure membrane stability in EVs under 

constant, high Mg2+ concentrations compared to the larger cells. Finally, we 

observed that the relative amount of unsaturated lipids decreased in the EV 

fraction of H. volcanii by ca. 15% (Figure 1). In contrast to previous work by 

Kellermann et al. (2016), CLs and ME-PGP-AR also contributed significantly 

to the pool of total unsaturated lipids in addition to PG-AR. These differences 

in the relative lipid composition of EVs compared to total cells and cell mem-

branes suggested a selective enrichment of specific compounds in the vesi-

cle fraction of H. volcanii. 
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Figure 1: Average distribution of lipid compounds comparing whole cells, cell 
membranes and EVs of H. volcanii reproduced with permission from Mills et al. 
(2023) see previous section. The average (n = 3) relative abundance of lipids was 
calculated for each preparation; whole cells, cell membrane and extracellular vesicles 
(EVs) based on the peak area of the most abundant adduct for each compound. The 
distribution in the individual samples is shown in Supplementary Figure 1. For the EV 
fraction, bands were pooled together after density gradient purification from 3 biolog-
ical replicates. Lipids were identified based on their retention time, fractionation pat-
tern and exact mass. Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal 
chains), CL = cardiolipin or dimeric phospholipid, :n = lipid with n number of unsatu-
rations. Lipids with neutral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR = 
core-AR. Lipids with anionic headgroups: Me-PGP = phosphatidylglycerophosphate 
methyl esters, PG = phosphatidylglycerol, S-2G = sulfated diglycosyl, S-2G-P = sul-
fated diglycosyl-phospho.  
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Hrr. lacusprofundi vesicles are also selectively enriched with specific 

lipid species, although they are not the same as in H. volcanii. 

In order to gather further evidence for selective enrichment, we analysed the 

cellular and vesicle fractions of a related haloarchaeon, Hrr. lacusprofundi. 

Infection with the pR1SE plasmids leads to production of specialized plasmid 

vesicles (PVs) in Hrr. lacusprofundi alongside regular EVs (Erdmann et al., 

2017). Therefore, we compared two pR1SE-infected strains R1S1 and DL18 

(Figure 2A & B) to two uninfected control strains ACAM34_UNSW (UNSW) 

and ACAM34_DSMZ (DSMZ, Figure 3A & B, Supplementary Figure 2). As 

we are currently unable to physically separate PVs from the total vesicle pop-

ulation, comparison of PVs to uninfected controls allows us to infer effects 

that the PVs might have on the lipid composition of the total vesicle popula-

tion. Since we are comparing biologically distinct strains of the same species, 

final confirmation would require infection of UNSW and DSMZ with the 

pR1SE plasmid and analysis of the PV and EV fraction in comparison to the 

pure EV fraction of uninfected cultures. However, this experiment has not yet 

been performed. 

Overall, the four Hrr. lacusprofundi strains showed similar relative abun-

dance distributions of IPLs (Table 1). As in H. volcanii, the main phospholip-

ids in all fractions across the four Hrr. lacusprofundi strains were Me-PGP-

AR (ca. 46-60%), PG-AR with highly variable abundance (ca. 20-40% in to-

tal) and S-2G-AR (ca. 3-8%, see Table 1). Unsaturated PG-AR with up to 6 

double bonds was detected in all fractions (Supplementary Figure 3), and 

together with the core-archaeols (Supplementary Figure 4) contributed to the 

bulk of the total unsaturated IPLs across samples.  
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Figure 2: Average distribution of lipid compounds comparing whole cells, cell 
membranes and EVs & PVs of Hrr. lacusprofundi strains DL18 and R1S1. The 
average relative abundance of lipids was calculated for two biological replicates for 
both DL18 (A) and R1S1 (B) for whole cells, cell membrane and extracellular and 
plasmid vesicle (EV & PV) preparations. Averages were calculated based on the peak 
area of the most abundant adduct for each compound. The distribution in the individ-
ual samples is shown in Supplementary Figure 5. For the EV fraction, samples from 
different bands were pooled together after density gradient purification for each bio-
logical replicate. Lipids were identified based on their retention time, fractionation pat-
tern and exact mass. Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal 
chains), :n = lipid with n number of unsaturations. Lipids with neutral headgroups: 1G 
= monoglycosyl, 2G = diglycosyl, C-AR = core-AR. Lipids with anionic headgroups: 
CL = cardiolipin or dimeric phospholipid, Me-PGP = phosphatidylglycerophosphate 
methyl esters, PG = phosphatidylglycerol, S-2G = sulfated diglycosyl.  

The contribution of unsaturated (up to 2 double bonds). Me-PGP-AR and 

cardiolipins (up to 6 double bonds) was low. Both 1G-AR and 2G-AR were 

present at low (≤ 0.7%) but constant levels across strains and sample types. 

We were unable to identify enrichment of 2G-AR in the vesicle fraction as 

was observed in H. volcanii. 

 

Interestingly, the relative abundance of total C-ARs increased from below 

1% in the cellular fractions to 16-19% in the EV & PV fraction (Table 1) in the 

DL18 and R1S1 strains (Figure 2, Supplementary Figure 5). This result re-

flects what we observed in H volcanii samples where C-ARs were also en-

riched in the EV fraction although we detected a higher number of unsatu-

rated C-ARs in Hrr. lacusprofundi samples. This effect was less pronounced 

in the UNSW strain (Figure 3A, Supplementary Figure 6) where the relative 

abundance of total C-ARs increased by ca. 6% from the whole cell fraction 

to the EV fraction. For DSMZ, no enrichment could be observed (Figure 3B). 

C-AR levels were low in the whole cell fraction (ca. 0.5%) but higher in the 

membrane (ca. 15%) than in the EV fraction (ca. 11%). The strong enrich-

ment of C-ARs appears to be a strong distinction between pR1SE-infected 

and un-infected strains. However, final confirmation of a possible contribu-

tion of PVs and PV formation on this process would require analysis of the 

lipid composition of pR1SE infected UNSW and DSMZ vesicle preparations. 
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As with PG-AR, we were able to detect highly unsaturated C-ARs in all frac-

tions from Hrr. lacusprofundi strains in all states between 0 and 6 double 

bonds apart from the compound with 5 double bonds (Supplementary Figure 

4). 

Another notable difference between the two species is the near absence (≤ 

5%) of cardiolipins in the cellular samples of Hrr. lacusprofundi strains. In H. 

volcanii, cardiolipins with sulfated diglycosyl-phospho (S-2G-P) headgroups 

and a minor fraction of CLs without additional headgroups contributed to ca. 

20% and 9% of the total cell and cell membrane lipid fractions respectively 

[see Mills et al. (2023)].  

 

Comparison between Hrr. lacusprofundi strains shows that CL contribute up 

to 4-5% of the IPLs in the cell membrane of DL18 and R1S1 (Figure 2), but 

are almost undetectable (≤ 1%) in the other fractions. For the UNSW and 

DSMZ strains CL levels stayed constantly below 1% apart from a slight in-

crease (ca. 1.2%) in the EV fraction of the DSMZ strain (Figure 3), which 

could be explained by random biological variation. We did not quantify IPL 

concentrations in the samples but it is possible that variation in extraction 

efficiency between whole cell and cell membrane samples could have led to 

this observed pattern of CLs across fractions. 

Cultivation conditions strongly affect the lipid composition of archaea in cul-

ture (Elling et al., 2015; Kellermann et al., 2016; Cobban et al., 2020). While 

we grew both H. volcanii and Hrr. lacusprofundi at 28 °C, the growth medium 

was different, which could contribute to their varying lipid compositions. 

Other environmental factors or media components might have also played a 

role. The concentration of Mg2+ (174 mM in Hv-YPC, 240 mM in DBCM2+) 

could explain the lower ratio of cardiolipins to Me-PGP-AR in Hrr. lacuspro-

fundi cell samples following the model proposed by Kellermann et al. (2016). 
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Figure 3: Average distribution of lipid compounds comparing whole cells, cell 
membranes and EVs of Hrr. lacusprofundi strains UNSW and DSMZ. The aver-
age relative abundance of lipids was calculated for two biological replicates for both 
UNSW (A) and DSMZ (B) for whole cells, cell membrane and extracellular vesicle 
(EV) preparations. Averages were calculated based on the peak area of the most 
abundant adduct for each compound. The distribution in the individual samples is 
shown in Supplementary Figure 6, no distinct bands were observed for the EV frac-
tion after density gradient centrifugation, therefore technical replicates were pooled 
for each biological replicate. Lipids were identified based on their retention time, frac-
tionation pattern and exact mass. Compound abbreviations: AR = archaeol (C20-C20 
isoprenoidal chains), :n = lipid with n number of unsaturations. Lipids with neutral 
headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR = core-AR. Lipids with ani-
onic headgroups: CL = cardiolipin or dimeric phospholipid, Me-PGP = phosphatidyl-
glycerophosphate methyl esters, PG = phosphatidylglycerol, S-2G = sulfated diglyco-
syl. 

However, the overall relative abundance of Me-PGP-AR was not significantly 

higher in Hrr. lacusprofundi compared to H. volcanii, thus Hrr. lacusprofundi 

may be employing additional measures to regulate membrane permeability 

at high extracellular Mg2+ concentrations, such as maintaining an increased 

ratio of unsaturated IPLs.  

 

Choice of lipid extraction protocol has a major influence on which lipid 

species are recovered from haloarchaea. 

An earlier study on the bilayer-forming lipids of Hrr. lacusprofundi cells iden-

tified PG-AR, Me-PGP-AR, S-2G-AR and phosphatidylglycerylsulfate ar-

chaeol (PGS-AR) as the main negatively charged phospholipids, and mono-

glycosyl (1G)-AR as the main neutral IPL (Gibson et al. 2005). Me-PGP-AR 

has been widely identified as the dominant IPL in the membranes of both 

neutrophilic and alkali-/acidophilic halorachaea (Kellermann et al., 2016; 

Bale et al., 2019). Kellermann et al. (2016) also detected PG-AR, Me-PGP-

AR, S-2G-AR, CLs, neutrally charged archaeols, and C-ARs, but did not 

identify PGS in Hrr. lacusprofundi. We were also not able to identify PGS in 

our samples, which should have a [M-H+] m/z of 885.8, despite it being con-

sidered a typical IPL of neutrophilic haloarchaea (Oren et al., 2002; Gibson 
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et al., 2005; Bale et al., 2019). This could because of our specific cultivation 

conditions or of the lipid extraction protocol used in this study, or a combina-

tion of both.  

The presence of 1G-AR is distinctive for Hrr. lacusprofundi compared to 

other haloarchaea, as it is generally only found in methanogenic archaea. In 

contrast, 2G-AR is frequently detected in other haloarchaea but not generally 

in Hrr. lacusprofundi [Gibson et al. (2005) and references therein]. We did 

not detect 1G-AR in the H. volcanii samples but detected both 1G-AR and 

2G-AR in all four strains of Hrr. lacusprofundi at low but approximately equal 

relative abundances. 

 

The only major class of archaeols not present in the extracted IPLs of either 

species were the zwitterionic-ARs, such as phosphatidylethanolamine (PE-

AR). We were also not able to detect relevant concentrations of extended 

archaeol lipids, with C25 instead of C20 isoprenoidal chains, in samples of 

either species. Alkaliphilic and acidophilic haloarchaea rely on this molecular 

’zipper’ of extended archaeol lipids with sesterpanyl (C25) isoprenoid chains 

in asymmetric C20 - C25 chain configurations for membrane stability (Xu et 

al., 1999; Minegishi et al., 2010; Dawson et al., 2012; Kellermann et al., 

2016; Bale et al., 2019). Which likely explains the lack of extended archaeal 

IPLs in our H. volcanii and Hrr. lacusprofundi samples since both are neutro-

philic species. 

We also did not detect any non-membrane forming lipids in measurable 

quantities. Kellermann et al. (2016) showed that menaquinones, carotenoids 

and squalenes contributed the majority of extracted lipids (66.1%) compared 

to bilayer forming lipids (33.9%) in H. volcanii, whereas the ratio was 29.6% 

to 70.4% for the bilayer forming lipids in Hrr. lacusprofundi (Kellermann et 

al., 2016). In general, different haloarchaea species have shown large vari-

ability in their respective ratios of membrane-forming archaeols to non-mem-

brane forming lipids (Kellermann et al., 2016). 
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H. volcanii is one of the species with a stark shift towards non-bilayer forming 

lipids and towards menaquinones in particular. Kellermann et al. (2016) at-

tributed the lower amount of menaquinones in Hrr. lacusprofundi compared 

to H. volcanii to the higher number of archaeol unsaturations in Hrr. lacuspro-

fundi which increase membrane permeability, therefore lower menaquinone 

concentrations would be sufficient. The absence of non-membrane forming 

lipids is likely explained due to the extraction method we used which favours 

extraction of IPLs compared to other studies (Kellermann et al., 2016). In 

general, a large amount of archaeal lipids have remained unrecoverable 

(Huguet et al., 2010; Evans et al., 2022), Archaeols are considered to have 

relatively high extraction efficiency with the commonly established Bligh and 

Dyer method yet recently published work has suggested that pre-treatment 

with freeze-thaw cycles and cetrylimethylammonium bromide treatment 

could improve yields (Evans et al., 2022). The choice of extraction protocol 

is necessarily a trade-off between the advantages and biases of each 

method, our efforts focussed on the analysis of the bilayer-forming lipids of 

H. volcanii and Hrr. lacusprofundi and therefore prioritized archaeol extrac-

tion. 

 

Both H. volcanii and Hrr. lacusprofundi have highly unsaturated mem-

branes but show opposite trends for the ratios of unsaturated IPLs in 

vesicles compared to the cells. 

Unsaturation of the cell membrane is one of the typical characteristics that 

haloarchaea use as an adaptation to the hypersaline environment, since it 

simultaneously increases membrane fluidity and decreases membrane per-

meability (Gibson et al., 2005; Stiehl et al., 2005; Dawson et al., 2012). Main-

taining membrane fluidity is of particular importance to cold-adapted archaea 

such as Hrr. lacusprofundi (Franzmann et al., 1988; Nichols et al., 2004; 
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Gibson et al., 2005). We observed opposite trends for the ratios of unsatu-

rated to saturated lipids between the two species. In H. volcanii unsaturated 

IPLs contributed to ca. 20% of the total IPLs in the cellular fractions but de-

creased to ca. 1% in the EV fraction [see Mills et al. (2023), Supplementary 

Table 1]. For the four Hrr. lacusprofundi strains, the opposite trend was ob-

served with an increase from the cellular fractions (ca. 13-19%, Table 1) to-

wards the vesicle fraction (20-26%). At this stage, we cannot explain this 

difference between the two species, but it reaffirms our observations that the 

enrichment of specific lipid species into the EV fraction follows different pat-

terns for H. volcanii and Hrr. lacusprofundi. 

 

Kellermann et al. (2016) observed changes to the ratio of unsaturated to sat-

urated archaeols in H. volcanii as a response to changing Na2+ concentra-

tions mainly in PG-AR while the ratios of other IPLs were not as affected. We 

did not change the Na2+ concentrations in our study; nevertheless, PG-AR 

also showed the highest diversity in saturation states and could likely be the 

regulator-in-waiting, responding to changes in the extracellular conditions for 

both H. volcanii and Hrr. lacusprofundi. We also observed highly unsaturated 

C-ARs in the latter species, which could potentially be the remaining cores 

of highly unsaturated PG-AR after head group loss.  

Gibson et al. (2005) observed significant changes to the unsaturation of the 

main phospholipids PG, Me-PGP and PGS-AR once Hrr. lacusprofundi cul-

tures were grown at 12 °C instead of 25 °C, which was not mirrored by the 

glycolipids with neutral head groups. While the saturated state was dominant 

at 25 °C, at colder temperatures unsaturated compounds with up to six dou-

ble bonds were detected at equal or slightly lower relative abundance than 

the saturated form. Intermediate states between 0 and 6 double bonds could 

all be detected by mass spectrometry (Gibson et al., 2005). We have now 

detected unsaturation of up to six double bonds in the major phospholipid 
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PG-AR and in the neutral C-ARs without head groups while cells were grown 

at 28 °C. This temperature is still below the optimal growth temperature of 

37 °C recorded for Hrr. lacusprofundi (Franzmann et al., 1988), and mem-

brane fluidity is expected to increase as a result of higher temperatures. 

Therefore, we propose that this level of membrane unsaturation is not likely 

to be a response to higher temperatures (from 25 °C to 28 °C). The NaCl 

concentration used by Gibson and colleagues was slightly higher, 200 g/l 

compared to 180 g/l in DBCM2+ medium but is unlikely to have caused such 

a big shift in lipid unsaturation. Since Gibson et al. (2005) grew their cultures 

at lower concentrations of Mg2+, ca. 80 mM compared to 240 mM in DBCM2+ 

medium, the high levels of membrane unsaturation were likely caused by 

growth in much higher Mg2+ concentration. 

 

Membrane-enveloped archaeal viruses serve as a comparison for the 

selective enrichment of IPLs into budding particles. 

As far as we are aware, the lipid content of haloarchaeal EVs has not been 

previously investigated in detail. However, the lipid content of some mem-

brane-containing viruses infecting haloarchaea has been determined. Vi-

ruses with outer membrane layers can presumably bud directly off the host 

membrane (Garoff et al., 1998), but viruses with internal membranes also 

need to obtain the lipid compounds from their host organisms (Roine & 

Bamford, 2012). Budding has not been proven directly for any viruses infect-

ing haloarchaea; however, it remains the most likely scenario for the acqui-

sition of lipids from the host. This similarity in formation mechanism between 

EVs and enveloped virions allows us to look at the lipid composition of the 

latter as templates for what selective lipid acquisition could look like for bud-

ding particles in archaea. 
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Bamford et al. (2005) detected PG-AR, PGP-Me-AR, and PGS as the major 

lipids in both Haloarcula hispanica and in SH1 virus particles. The virus did 

not contain detectable amounts of glycolipids, which comprised 20% of total 

host lipids. SH1 also appears to be able to selectively take up lipids from the 

host membrane, resulting in a shift in the relative abundance distributions 

compared to the host cells. Other haloarchaeal viruses appear to not be se-

lective in their lipid uptake from the host membrane (Pietilä et al., 2009; 

Pietilä et al., 2010; Roine et al., 2010; Atanasova et al., 2018). Other studies 

have described minor differences, wherein unidentified lipid compounds 

were present in the host membrane but not in the virions of several pleo-

morphic viruses (Pietilä et al., 2012). Outside of viruses infecting haloar-

chaea, selective uptake of lipids has been described for a number of viruses 

infecting hyperthermophilic archaea [e.g., Quemin et al. (2015); Kasson et 

al. (2017)]. In archaea that contain both archaeol and tetraether lipids, but 

whose membranes are dominated by tetraether lipids (≤ 99%), some virions 

are selectively enriched in archaeols (Liu et al., 2018; Wang et al., 2019; 

Baquero et al., 2021) with an extreme shift from 1% to 70% of relative abun-

dance described for one virus (Feng et al., 2023). These examples clearly 

show that selective enrichment of lipid species from archaeal membranes 

into small lipid-containing particles is possible and regularly occurs during 

the formation of virions. 

 

Kasson et al. (2017) propose that the selective uptake of lipids into the virion 

of the AFV1 virus could be caused by local enrichment of lipid species at 

virus budding sites, by direct binding of lipids to capsid proteins or by physical 

properties of the viral membrane that would cause lipids to separate during 

the budding process. The EVs of haloarchaea are formed by budding from 

the cell membrane and are covered in proteins in like virions whose exit 

mechanisms are unconfirmed for most archaeal viruses. Similar processes 
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could cause the enrichment of specific lipid compounds in the EV fraction. 

Analysis of the EVs of the hyperthermophilic S. solfataricus showed that the 

same lipid species were present in both cells and EVs but with shifts in ratios 

between the two fractions (Ellen et al., 2009), similar to what we observe for 

H. volcanii and Hrr. lacusprofundi. These differences between the lipid com-

position of cells and EVs point towards a specific enrichment of particular 

lipid compounds in the EVs, although the underlying causes remain to be 

determined. While we do observe differences in lipid composition between 

EVs from pR1SE infected strains and uninfected strains, whether PVs have 

a specific lipid composition compared to the standard EVs is still currently 

unknown. 

 

In conclusion, we were able to show selective enrichment of specific lipid 

compounds into the vesicle fractions of related haloarchaea, H. volcanii and 

Hrr. lacusprofundi. EVs of both species showed clear differences in their lipid 

composition compared the respective cell membranes while sharing the pre-

dominant IPL classes. Although the underlying causes still need to be deter-

mined, we predict that similarly to enveloped archaeal viruses, archaeal ves-

icles are likely selectively enriched in specific lipid species during their for-

mation at the cellular membrane. 
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Supplementary Material for Main Manuscript 

Extracellular vesicles of Euryarchaeida: precursor 
to eukaryotic membrane trafficking 

 

Supplementary Results 

EV-associated RNA is best analyzed when using small RNA libraries 

and normalizing EV RNA content with host cell RNA content 

To determine the nature of the EV enclosed RNA, total RNA and small RNA 
(enriching for transcripts below 150 nt in length) libraries were prepared from 
EV-extracted RNA. When comparing sequencing results from both libraries, 
we observed a drastically different transcriptional profile (Supplementary Ta-
ble 3). Around 95% of reads from total RNAseq mapped to ribosomal RNA 
(rRNA) and only 17 transcripts recruited enough reads to reach the threshold 
(TPM > 10). In contrast, the small RNA library revealed a more diverse array 
of transcripts with transfer RNA (tRNA) being the most dominant RNA spe-
cies (around 85% of reads) and 264 transcripts identified within the thresh-
old. Further, over 2000 transcripts were only identified in the small RNA li-
brary and not in the total RNA library, the majority of them being tRNAs and 
non-coding RNAs (ncRNA), indicating that the total RNA library excludes im-
portant smaller transcripts. Therefore, we decided to use small RNA libraries 
for further analysis of EV-associated RNAs, as this seems to yield a more 
accurate picture of the RNA composition of EVs. 
We also compared transcripts from EVs in the upper and lower bands in 
density gradients to determine whether the bands represented different sub-
populations of EVs with respect to RNA content (Supplementary Table 4). 
Indeed, we identified transcripts that were only present in the upper band 
(app. 200) or only in the lower band (80). However, the abundance of these 
transcripts was below the threshold (TPM > 10) and they were disregarded. 
Overall, the RNA composition between both bands was mostly identical, with 
few outliers. We concluded that the RNA composition alone is not the differ-
entiating factor between the two subpopulations of EVs in different density 
gradient bands, and pooling the bands for further sequencing analysis is ac-
ceptable.  
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Since vesicle production could be linked to UV exposure [1], we aimed to 
determine whether subjecting cultures to UV radiation would alter the RNA 
composition of EVs. Indeed, 145 transcripts appeared to be present in a 
higher abundance (log2 fold change > 1) in the UV-treated sample, and 32 
transcripts were present in a higher abundance (log 2 fold change < -1) in 
the untreated sample (Supplementary Table 5). This population of EV-asso-
ciated RNA from UV-treated cultures included all forms of RNA, including 
mRNAs, tRNAs, rRNAs and ncRNAs. Nevertheless, we realized that without 
determining transcriptional changes within the cells, it is difficult to distinguish 
transcripts that are associated with EVs as a response to UV exposure and 
transcripts that are present in EVs simply due to changes in intracellular lev-
els. In order to differentiate between random packaging and potentially se-
lective packaging of RNA into EVs, it became clear that sequencing intracel-
lular RNA at the time of EV harvesting was imperative for any kind of analy-
sis. 
 

Supplementary Figures 

 

Supplementary Figure 1: Purification of H. volcanii H26 EVs by Opti-
prep™ density gradient purification. Gradient before (A) and after (B)      
ultracentrifugation. Red arrows indicate upper and lower band. Transmission 
electron micrograph of EVs isolated from upper (C) and lower (D) bands. 
Size bar: 200 nm.  
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Supplementary Figure 2: EV quantification of H. volcanii cultures 
grown under different conditions, through growth and gene knockouts. 
(A) Spot blot for quantification of EVs in H. volcanii culture supernatants 
grown at 45, 37 and 28 °C. (B) Bar plot representing spot blot (A). (C) Spot 
blot for quantification of H. volcanii grown at 28 °C with time points taken at 
45.3, 68.5, 94, 118.3, and 140.5 hours. Asterisk represents sample diluted 
by a factor of 2. (D) Spot blot for quantification of H. volcanii grown with either 
UV or viral stress. (E) Bar plot representing fluorescence-based quantifica-
tion of EVs of H. volcanii grown with either UV or viral stress. (F) Spot blot 
for quantification of H. volcanii H26 background strains with knockouts of 
OapA and AglB.  
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Supplementary Figure 3: Electropherograms of EV-associated RNA (A) 
and cellular RNA (B). Capillary electrophoresis demonstrates differences in 
size distribution between RNA isolated from EVs and cells of H. volcanii. 

 
Supplementary Figure 4: Northern blot with EV and cellular RNA 
probed for HVO_2072. Red arrow indicates full-length transcript. Northern 
was conducted in duplicates, but only one replicated is presented here. 
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Supplementary Figure 5: Secondary structure alignment prediction of 
EV-associated asRNA from LocARNA [2–4]. (A) Sequence alignment with 
RNAalifold consensus structure. (B) Predicted consensus secondary struc-
ture with legend. (C) Hierarchical clustering based on similarities of se-
quences. 
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Supplementary Figure 6: Volcano plots of intracellular and EV-associ-
ated transcripts comparing cultures infected with HFPV-1 and unin-
fected control cultures.  (A) Differential expression of transcripts in EVs 
from infected versus uninfected cultures. (B) Differential expression of intra-
cellular transcripts from infected versus uninfected cultures. Cells and EVs 
were isolated at late stationary phase of growth. Volcano plots only depict 
transcripts that had an average TPM greater than 10 in either infected or 
uninfected samples.  
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Supplementary Figure 7: Volcano plot comparing viral transcript abun-
dance between EV-associated RNA and cellular RNA. RNA isolated from 
EVs and cells of cultures infected with HFPV-1 during late stationary phase. 
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Supplementary Figure 8: EVs from other haloarchaea. (A) Transmission 
electron micrograph of purified EV from Hbt. salinarum. Scale bar: 500 nm. 
(B) Transmission electron micrograph of purified EVs from Hrr. lacuspro-
fundi. Scale bar = 100 nm. (C) RNA extracted from gradient purified EVs and 
cells of Hrr. lacusprofundi on a 12.5% Urea-PAGE gel.  
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Supplementary Figure 9: Volcano plot comparing protein content from 
H. volcanii EVs isolated from upper and lower bands of Optiprep™ den-
sity gradient. EVs were isolated from three replicates at stationary phase of 
growth. 

Supplementary Figure 10: HHpred alignment of HVO_3014 with Rab5a 
GTPase from Leishmania donovani. The protein sequence of HVO_3014 
was analyzed using HHpred [1, 5] to identify domain-based homologous pro-
teins using the default settings. Alignment with the best match to endosomal 
sorting protein, Rab5a GTPase, from unicellular Eukaryote, Leishmania do-
novani, is shown here.  
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Supplementary Figure 11: Volcano plots depicting differences in pro-
tein abundance from UV-treated cultures. (A) Proteins isolated from EVs 
of UV-treated cultures are compared to their respective cell membrane pro-
tein content. (B) EV-associated proteins from UV-treated cultures are com-
pared to EV-associated proteins from untreated cultures. Raw data found in 
Supplementary Table 11. 
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Supplementary Figure 12: Optiprep™ density gradient of OapA knock-
out strain. EVs (A) before and (B) after ultracentrifugation. Red arrow indi-
cates where particles concentrated. For comparison with parental strain, see 
Supplementary Figure 1A. 

 

 

Supplementary Figure 13: Resequencing of OapA knockout strain 
shows activation of proviral region. Coverage blot of the genomic region 
including the provirus region.  Image created in Geneious™. 
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Supplementary Figure 14: Phenotypes of OapA knockout strain in com-
parison to parental strain. Phase contrast microscopy images of cells from 
OapA knockout strain (A) and parental strain (B) after 1 day (top) and 5 days 
(bottom) of growth. Samples were fixed with 1% glutaraldehyde and visual-
ized with Axiophot Zeiss microscope. (C) Growth curve of  parental strain 
(H26) and OapA knockout strain (H26 ΔoapA). Error bars represent standard 
deviation from three replicates.  
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Supplementary Figure 15: EV production in strains overexpressing 
OapA. (A) Western blot with an anti-Strep tag antibody on affinity purified 
OapA expressed in H26, compared to an affinity purification from H26 with 
the empty vector (see methods). (B) Spot blot for quantification of EVs from 
cultures overexpressing OapA (Figure 5B). (B) Transmission electron micro-
graphs of EVs isolated from strains overexpressing OapA. Scale bars denote 
200 nm. 
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Supplementary Figure 16: Archaeal Ras-family GTPase homologs 
across the archaeal domain. Percentage of species identified containing a 
homolog for OapA within each phylum. Fraction above each bar denotes the 
number of species identified over the number of species surveyed. 
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Supplementary Figure 17: EVs isolated from CetZ1 and CetZ2 knockout 
strains. Optiprep™ density gradients of EVs isolated from CetZ1 (A) and 
CetZ2 (B) knock out strains after ultracentrifugation. Red arrows indicate the 
upper and lower bands where particles had concentrated. (C and D) RNA 
was isolated from both strains and run on a fragment analyzer to observe the 
size distribution. For comparison to wild type, see Figure 2. (E and F) EVs 
could also be observed through TEM. Scale bars: 100 nm. 
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Supplementary Figure 18: Phenotypes of EVs from AglB knockout 
strain. (A) Bands of concentrated EVs after ultracentrifugation in Optiprep™ 
density gradient. Transmission electron microscopy of EVs isolated from 
AglB knockout strain with size bar 100 nm (B) and 20 nm (C). Quantification 
of EV production of AglB knockout strain in comparison with parental strain 
by immunodetection (D) and fluorescence staining (E). (F) Quantification of 
EV-associated RNA in culture supernatants of AglB knockout strain com-
pared to parental strain normalized to OD (nm = 600). Error bars represent 
the standard deviation of three replicates. RFU = relative fluorescence unit. 
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Supplementary Figure 19: Distribution of lipid compounds comparing 
whole cells, cell membranes and EVs of H. volcanii. (A) Individual repli-
cates used to calculate the average relative abundances in Figure 6.  Cell 1-
3: whole cells, Mem. 1-3: membrane fraction and EV 1-3: extracellular vesi-
cles after ultracentrifugation in Optiprep™ density gradients and bands 
pooled together for each biological replicate. (B) The lipid distribution in the 
upper (left column) and lower band (right column) after ultracentrifugation 
from one biological replicate. Relative abundances were calculated based 
on the peak area of the most abundant adduct for each compound. Lipids 
were identified based on their retention time, fractionation pattern and exact 
mass. 

Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal chains), CL 
= cardiolipin, :nUS = lipid with n number of unsaturations, UK = unknown 
compound. Lipids with neutral headgroups: 1G = monoglycosyl, 2G = di-
glycosyl, C-AR = core-AR. Lipids with anionic headgroups: PGP-Me = phos-
phatidylglycerophosphate methyl esters, PG = phosphatidylglycerol, S-2G 
=sulfated diglycosyl, S-GP = sulfoglycophospho, S-2G-P = sulfated diglyco-
syl-phospho.  
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Supplementary Tables  

Supplementary Table 1: Strains used in this study 

Name Reference Organism Description Media Supplement 
H. volcanii 
DS2 [6] 

H. volcanii 
DS2 Wild type strain HV-cab/YPC none 

H26 [7] H. volcanii ΔpyrE2 HV-cab/YPC uracil 

H26 ΔoapA [8] H. volcanii ΔpyrE2, ΔoapA HV-cab/YPC uracil 

H26 ΔaglB [9] H. volcanii ΔpyrE2, ΔaglB HV-cab/YPC uracil 

H53 [7] H. volcanii ΔpyrE2, ΔtrpA HV-cab/YPC 
uracil, trypto-
phan 

H53 ΔcetZ1 [10] H. volcanii 
ΔpyrE2, ΔtrpA, 
ΔcetZ1 HV-cab/YPC 

uracil, trypto-
phan 

H53 ΔcetZ2 [10] H. volcanii 
ΔpyrE2, ΔtrpA, 
ΔcetZ2 HV-cab/YPC 

uracil, trypto-
phan 

Halobacte-
rium sa-
linarum [11] 

Halobacterium 
salinarum Wild type strain HS-Media none 

Halorubrum 
lacuspro-
fundi DL18 [12] 

Halorubrum la-
cusprofundi 
DL18 Wild type strain DBCM2 none 

 

Supplementary Table 2: Primer Sequences 

Name Oligonucleotide sequence 5’-3’ Description 

HFPV1F CACGAACGAGAACACCGACC Forward primer to test infection of HFPV-1 

HFPV1R TGATGACGAATCCAACGAGCAG Reverse primer to test infection of HFPV-1 

AglB_US_F 
CCGGCCAAGCTTGGTTT-
GCGAGCGACCCAGTCG 

Forward primer for upstream flank of aglB 
with HindIII restriction sites  

AglB_US_R 
GAATTCGCCGCCCGAAGATCTT-
GTGACCAACAACCGCCAAG 

Reverse primer for upstream flank of aglB 
with EcoRI and BglII restriction sites 

AglB_DS_F 
AGATCTTCGGGCGGCGAATTCCAC-
GAGCCGAGACGGCGACGA 

Forward primer of downstream flank of aglB 
with BglII and EcoRI restriction sites 

AglB_DS_R 

CCGGCCG-
GATCCGCGCGTCGCCGTGCTCG-
GAC 

Reverse primer for downstream flank of 
AglB with BamHI restriction sites 

csg probe GCTGTCAGCGTCGAGGTTTCC 
Northern blot probe for the 5' end of S-layer 
mRNA 
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Supplementary Information  

Supplementary Results, Supplementary Figures 1-19 and Supplementary 
Tables 1-2 were provided in the preceeding section 
The remaining Supplementary Tables listed here are accessible online on 
BioRxiv under the following link:  https://doi.org/10.1101/2023.03.03.530948  
 
Abbreviated forms of Supplementary Tables 6, 9, 10 and 11 are included 
after this list; the choice of the specific subset is indicated in the legend of 
the respective table. 
 
Supplementary Table 3: Differential expression calculated for tran-
scripts from total vs small RNA libraries of EV associated RNA. One 
replicate of RNA associated with EVs isolated from the upper band of a den-
sity gradient was sequenced using a total RNA library and a small RNA li-
brary. Read mapping (90% minimum overlap identity, TPM) and differential 
expression (log2 ratio) performed with Geneious™ (2021.0.1). (Excel file) 
Supplementary Table 4: Differential expression calculated for transcripts 
from EVs of upper versus lower band of a density gradient. One replicate of 
RNA associated with EVs isolated from the upper band and the lower band 
of a density gradient. Read mapping (90% minimum overlap identity, TPM) 
and differential expression (log2 ratio) performed with Geneious™ 
(2021.0.1). (Excel file) 
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Supplementary Table 5: Differential expression calculated for tran-
scripts from EVs from untreated and UV treated cells. One replicate of 
RNA associated with EVs isolated from untreated and UV treated cells. Read 
mapping (99% minimum overlap identity, TPM) and differential expression 
(log2 ratio) performed with Geneious™ (2021.0.1). (Excel file) 
 
Supplementary Table 6: Differential expression calculated for EV asso-
ciated transcript normalized with intracellular levels. RNA was extracted 
from purified EVs and the respective cells in triplicates. Read mapping (99% 
minimum overlap identity, TPM) and differential expression (log2 ratio, p-
value) were calculated with DESeq2 in Geneious™ (2021.0.1). (Excel file) 
Supplementary Table 7: ncRNA enriched in EVs. List of the ncRNA that are 
highly expressed and with a high fold change in H. volcanii EVs. Data taken 
from Supplementary Table 6. (Excel file) 
 
Supplementary Table 8: Differential expression calculated for tran-
scripts from Hbt. salinarum EVs normalized to intracellular levels. RNA 
was extracted from purified EVs (duplicates) and the respective cells (one 
replicate). Read mapping (90% minimum overlap identity, TPM) and differ-
ential expression (log2 ratio) performed with Geneious™ (2021.0.1). (Excel 
file) 
 
Supplementary Table 9: Proteins enriched in EVs after normalization 
with the protein content of cell membranes. Protein content of EVs was 
pooled from upper and lower bands in three replicates (total of 6 EV repli-
cates) and quantities were compared with three replicates from host cell 
membrane preparations. Quantity was estimated using MaxQuant (v. 
1.6.10.43) and differential expression analysis (log2 fold change, adjusted p-
value) was calculated with DEP (v. 1.21.0) [79]. (Excel file) 
 
Supplementary Table 10: Proteins enriched in EVs from UV-treated 
cells after normalization with the protein content of respective cell 
membranes. Protein content of EVs from UV treated cells was pooled from 
upper and lower bands in three replicates (total of 6 EV replicates) and quan-
tities were compared with three replicates from respective host cell mem-
brane preparations. Quantity was estimated using MaxQuant (v. 1.6.10.43) 
and differential expression analysis (log2 fold change, adjusted p-value) was 
calculated with DEP (v. 1.21.0) [79]. (Excel file)  
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Supplementary Table 11: Proteins identified as present in all EV sam-
ples. Protein content of EVs from untreated cells (3 replicates from upper 
and lower bands of density gradient each) and UV treated cells (3 replicates 
from upper and lower bands of density gradient each) was pooled (total of 
12 EV replicates). Label-free quantities (LFQ) were calculated using 
MaxQuant (v. 1.6.10.43) and averaged over all replicates. Proteins were only 
considered present if peptide count was greater than or equal to 2 in all rep-
licates and all replicates had a corresponding LFQ value. (Excel file) 
 
Supplementary Table 12: Taxonomy of Archaea identified to contain 
Ras-superfamily small GTPase. 1,666 archaeal organisms out of 78,738 
archaeal and bacterial genomes were identified to contain a homolog to Ras-
superfamily small GTPase, OapA (see Methods). Taxonomy listed according 
to genome taxonomy database release (r207). (Excel file). 
 
Supplementary Table 13: Mass spectrometry peak areas and relative 
abundances of lipid compounds extracted from whole cells, cell mem-
branes and EVs of H. volcanii. Intact polar lipids were extracted from whole 
cells, cell membranes and vesicles of H. volcanii and measured with a Q-
TOF MS (Bruker Daltonics). Output data were analyzed with the manufac-
turer’s software (DataAnalysis 4.4.2, Bruker Daltonics) and lipid compounds 
were identified based on retention time, fractionation pattern and exact 
masses and quantified via mass spectrometry peak area. (Excel file) 
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Extended Data: Selective enrichment of intact po-

lar lipids in extracellular vesicles of halophilic  

Euryarchaeota 

 

Supplementary Figures 

Supplementary Figure 1: Distribution of lipid compounds comparing whole 
cells, cell membranes and EVs of H. volcanii with permission from Mills et al. 
(2023). 

Supplementary Figure 2: PCR screening for pR1SE on pre-cultures of Hrr. 
lacusprofundi strains. 

Supplementary Figure 3: Example profile showing the fragmentation of PG-
AR Na+ adducts in MS2 analysis with increasing unsaturation from 0 to 6 
double bonds. 

Supplementary Figure 4: Example profile showing the C-AR Na+ adducts in 
MS2 analysis with increasing unsaturation from 0 to 6 double bonds. 

Supplementary Figure 5: Distribution of lipid compounds comparing whole 
cells, cell membranes and vesicles of Hrr. lacusprofundi strains DL18 and 
R1S1. 

Supplementary Figure 6: Distribution of lipid compounds comparing whole 
cells, cell membranes and extracellular vesicles of Hrr. lacusprofundi strains 
UNSW and DSMZ. 

Supplementary Tables 

Supplementary Table 1: Average relative abundance of intact polar lipids 
given as percentage of total population in the whole cell, cell membrane and 
extracellular (EV) fraction for H. volcanii.  

The raw data from the lipid measurements of Hrr. lacusprofundi samples will 
be deposited in an appropriate data repository upon submission of the manu-
script for peer-review. It is currently available upon request. 
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Supplementary Figure 1: Distribution of lipid compounds comparing 
whole cells, cell membranes and EVs of H. volcanii reproduced with 
permission from Mills et al. (2023). (A) Individual replicates used to calcu-
late the average relative abundances in Figure 1. Cell 1-3: whole cells, Mem. 
1-3: membrane fraction and EV 1-3: extracellular vesicles after ultracentrifu-
gation in Optiprep™ density gradients and bands pooled together for each 
biological replicate. (B) The lipid distribution in the upper (left column) and 
lower band (right column) after ultracentrifugation from one biological repli-
cate. Relative abundances were calculated based on the peak area of the 
most abundant adduct for each compound. Lipids were identified based on 
their retention time, fractionation pattern and exact mass Compound abbre-
viations: AR = archaeol (C20-C20 isoprenoidal chains), CL = cardiolipin or di-
meric phospholipid, :n = lipid with n number of unsaturations. Lipids with neu-
tral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR = core-AR. Li-
pids with anionic headgroups: PGP-Me = phosphatidylglycerophosphate 
methyl esters, PG = phosphatidyl-glycerol, S-2G =sulfated diglycosyl, S-2G-
P = sulfated diglycosyl-phospho. 
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Supplementary Figure 2: PCR screening for pR1SE on pre-cultures of 
Hrr. lacusprofundi strains.  

PCR with primers targeting a region of the pR1SE plasmid performed on 
aliquots of liquid cultures of Hrr. lacusprofundi DL18 (A), R1S1 (B) and 
ACAM34_UNSW and ACAM34_DSMZ (C). Samples were obtained from the 
first three pre-cultures for DL18 and R1S1 or from two 10 ml pre-cultures (A 
or B) for the two ACAM34 strains (C). Purified plasmid DNA (1 ng/µl) served 
as the positive control (C+), sterile ddH2O served as the negative control             
(C-). First lane on the left: DNA Ladder (GeneRuler 1 kb Plus DNA Ladder, 
Thermo Scientific™), the DNA samples were separated on 1% agarose gels 
and stained with SYBR™ Safe.  
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Supplementary Figure 3: Example profile showing the fragmentation of 
PG-AR Na+ adducts in MS2 analysis with increasing unsaturation from 
0 to 6 double bonds. Positive mode MS2 spectra (tandem mass spectrom-
etry) are shown for PG-AR compounds obtained from the vesicle fraction of 
DL18 (sample EP 1.1.3, see Supplementary Figure 5). PG-AR Na+ adducts 
are shown with increasing unsaturation going from the top to the bottom, with 
either 0, 1, 2, 3, 4 or 6 double bonds as indicated in their respective panels 
together with their predicted mass [M Na] and the retention time. Typical 
fragmentation products of the hydrogen adduct of PG-AR are shown at the 
bottom of the graph. Compounds were identified based on retention time, 
fractionation pattern and exact mass while accounting for the base adduct 
(Na+ instead of H+) and unsaturation state of the compound (Yoshinaga et 
al., 2011; Kellermann et al., 2016; Bale et al., 2019). The mass to charge 
[m/z] of each fragment is indicated directly above it.  
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Supplementary Figure 4. Example profile showing the C-AR Na+ ad-
ducts in MS2 analysis with increasing unsaturation from 0 to 6 double 
bonds. Positive mode MS2 spectra (tandem mass spectrometry) are shown 
for C-AR compounds obtained from the vesicle fraction of DL18 (sample EP 
1.1.3, see Supplementary Figure 5). C-AR Na+ adducts are shown with in-
creasing unsaturation going from the top to the bottom, with either 0, 1, 2, 3, 
4 or 6 double bonds as indicated in their respective panels together with the 
predicted mass [M Na] and the retention time. The structure of C-AR is 
shown in the first panel, Na+ adducts of C-AR do not fragment. Compounds 
were identified based on retention time, and exact mass while accounting for 
the base adduct (Na+ instead of H+) and unsaturation state of the compound 
(Yoshinaga et al., 2011; Kellermann et al., 2016; Bale et al., 2019). The mass 
to charge [m/z] of each fragment is indicated directly above it. 
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Supplementary Figure 5: Distribution of lipid compounds comparing 
whole cells, cell membranes and vesicles of Hrr. lacusprofundi strains 
DL18 and R1S1. Individual technical replicates of DL18 (A) and R1S1 (B) 
used to calculate the average relative abundances shown in Figure 2. For 
each biological replicate (n = 2, first number), several technical replicates 
were measured per fraction in order to calculate the average relative abun-
dances. This included two technical replicates for lipid extraction for each 
biological repl. for the cellular fraction (Cell), and three technical repl. for the 
cell membrane samples (Mem.). The vesicle fraction (EP), containing both 
EVs and PVs, separated into two gradient bands after density gradient cen-
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trifugation. However, as the overall lipid composition was very similar be-
tween samples obtained from different bands all vesicle samples were 
pooled for the calculation of average rel. abundances. The precise position 
is indicated by the number, where the first number indicates the biological 
repl. (1 or 2), the middle number the position in either the upper (1) or lower 
(2) gradient band, and the final number indicates the number of the technical 
repl. measured (1 or 2). Relative abundances were calculated based on the 
peak area of the most abundant adduct for each compound. Lipids were 
identified based on their retention time, fractionation pattern and exact mass. 
Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal chains), CL = 
cardiolipin or dimeric phospholipid, :n = lipid with n number of unsaturations. 
Lipids with neutral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR 
= core-AR. Lipids with anionic headgroups: PGP-Me = phosphatidylglycer-
ophosphate methyl esters, PG = phosphatidyl-glycerol, S-2G =sulfated di-
glycosyl.  
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Supplementary Figure 6: Distribution of lipid compounds comparing 
whole cells, cell membranes and extracellular vesicles of Hrr. lacuspro-
fundi strains UNSW and DSMZ. Individual technical replicates of UNSW 
(A) and DSMZ (B) used to calculate the average relative abundances shown 
in Figure 3. For each biological replicate (n = 2, first number), several tech-
nical replicates were measured per fraction in order to calculate the average 
relative abundances. This included two technical repl. for lipid extraction for 
each biological repl. for the cellular fraction (Cell), and three technical repl. 
for the cell membrane samples (Mem.). As no distinct bands were visible in 
the gradient after ultracentrifugation, samples from the vesicle fraction (EVs) 
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were pooled for the calculation of average rel. abundances with two technical 
repl. for each biological repl. Relative abundances were calculated based on 
the peak area of the most abundant adduct for each compound. Lipids were 
identified based on their retention time, fractionation pattern and exact mass. 
Compound abbreviations: AR = archaeol (C20-C20 isoprenoidal chains), CL = 
cardiolipin or dimeric phospholipid, :n = lipid with n number of unsaturations. 
Lipids with neutral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR 
= core-AR. Lipids with anionic headgroups: PGP-Me = phosphatidylglycer-
ophosphate methyl esters, PG = phosphatidyl-glycerol, S-2G =sulfated di-
glycosyl. 
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Supplementary Tables 

Supplementary Table 1: Average relative abundance of intact polar li-
pids given as percentage of total population in the whole cell, cell mem-
brane and extracellular (EV) fraction for H. volcanii see Mills et al. 
(2023). Average values were calculated from two independent biological rep-
licates per fraction, per strain, with several technical replicates (see Supple-
mentary Figure 1) and are given together with the standard deviation. Raw 
values are presented in Supplementary Table 13 of Mills et al. (2023), avail-
able at https://doi.org/10.1101/2023.03.03.530948. Compound abbrevia-
tions: AR = archaeol (C20-C20 isoprenoidal chains), :US = unsaturated IPL. 
Lipids with neutral headgroups: 1G = monoglycosyl, 2G = diglycosyl, C-AR 
= core-AR. Lipids with anionic headgroups: CL = cardiolipin or dimeric phos-
pholipid, Me-PGP = phosphatidylglycerophosphate methyl esters, PG = 
phosphatidylglycerol, S-2G = sulfated diglycosyl, S-2G-P = sulfated diglyco-
syl-phospho. 

 

Compound whole cell cell membrane EVs 

Total unsaturated 32.5% ± 2.2% 31.3% ± 1.4% 15.6% ± 4.3% 

Total saturated 67.5% ± 2.2% 68.7% ± 1.4% 84.4% ± 4.3% 

PG-AR:US 6.7% ± 1.3% 6.7% ± 1.6% 10.4% ± 3.4% 

PG-AR 12.1% ± 3.1% 10.4% ± 1.8% 22.2% ± 1.3% 

Me-PGP-AR:US 15.1% ± 0.2% 19.4% ± 3.6% 5.2% ± 1.4% 

Me-PGP-AR 38.8% ± 2.2% 47% ± 4.2% 41.6% ± 2.1% 

S-2G-AR:US 0.6% ± 0.9% 0.8% ± 0.7% 0% 

S-2G-AR 5.1% ± 2.7% 6% ± 2.5% 12.9% ± 1.4% 

2G-AR 0.2% ± 0.25% 0.1% ± 0.15% 2.6% ± 0.2% 

C-AR 1.2% ± 0.2% 0.6% ± 0.2% 4.1% ± 0.9% 

CL:US 1% ± 0.5% 0.6% ± 0.4% 0% 

CL 0.4% ± 0.05% 0.2% ± 0.1% 0.08% ± 0.2% 

S-2G-P-CL:US 9.1% ± 3.6% 3.9% ± 3.1% 0% 

S-2G-P-CL 9.6% ± 3.9% 4.4% ± 3.2% 0.8% ± 0.2% 
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Chapter IV 

Plasmid vesicle formation is independent of the archaeal small 
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Abstract 

Plasmid vesicles (PVs) were first identified as packaging the pR1SE plasmid 

that infects the halophilic archaeon Halorubrum lacusprofundi. PVs are mor-

phologically distinct from extracellular vesicles (EVs) produced by the host, 

and can disseminate the enclosed plasmid by infecting new host cells similar 

to a virus. However, it is still unclear whether PV formation is independent 

from the vesicle formation machinery of the host.  

Recent studies indicate that EV formation in Euryarchaeota is dependent on 

initiation by a small GTPase (ArcV). Attempts of the deletion of the small 

archaeal vesiculating GTPase ArcV in Halorubrum lacusprofundi led to large 

genome re-organisation in three independent transformants, with a loss of ≥ 

49 kb regions in the chromosome not adjacent to the targeted gene. Deletion 

of ArcV in Hrr. lacusprofundi did not prevent vesicle formation as previously 

described for a Haloferax volcanii ArcV mutant. Deletion mutants showed 

large irregular vesicles produced at approximately the same rate as the pa-

rental strain, that we attribute to the loss of one of two S-layer genes in the 

genome, leading to cell envelope instability. Lack of ArcV did not abolish PV 

particle release, but PV production and intracellular plasmid replication are 

negatively affected in the ΔarcV strain. We suggest that the loss of a cdc6 

protein in the deleted region on the host genome likely impacted pR1SE rep-

lication, indicating that the plasmid utilizes host replication proteins in addi-

tion to its own replication proteins. Nevertheless, since PV particle produc-

tion is not prevented by the deletion of arcV, we conclude that PV production 

is independent of the host ArcV vesiculation machinery.  
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Introduction 

Bacteria, Eukaryotes and Archaea all produce extracellular vesicles [EVs, 

Deatherage and Cookson (2012)] that may contain nucleic acids (Cai et al., 

2016; Koeppen et al., 2016; Erdmann et al., 2017; Moriano-Gutierrez et al., 

2020; Soler & Forterre, 2020; Mills et al., 2023) in addition to other cellular 

components. They fulfil various roles as interaction vehicles between cells 

and their extracellular environment and have been linked to anti-viral defence 

(Manning & Kuehn, 2011), interactions of bacteria with multicellular organ-

isms (Koeppen et al., 2016; Moriano-Gutierrez et al., 2020) as well as gene 

transfer in bacteria and archaea (Cai et al., 2016; Erdmann et al., 2017; Soler 

& Forterre, 2020). To date, the composition of EVs and the formation of EVs 

in Archaea has mainly been investigated for the Sulfolobales, (Ellen et al., 

2009; J. Liu et al., 2021b) members of the Thermoproteota phylum [formerly 

known as Crenarchaeota Oren and Garrity (2021)]. The cell division machin-

ery in Sulfolobales (Lindås et al., 2008; Caspi & Dekker, 2018; Tarrason Risa 

et al., 2020; Hurtig et al., 2023) is homologous to the endosomal sorting com-

plexes required for transport (ESCRT) system in eukaryotes (Henne et al., 

2011; McCullough et al., 2018; Vietri et al., 2020; J. Liu et al., 2021b) and 

was shown to be involved in EV formation and the budding of viruses (J. Liu 

et al., 2021a; J. Liu et al., 2021b). Moreover, several studies have reported 

ESCRT homologues in metagenome-assembled genomes of the Asgard ar-

chaea superphylum (Spang et al., 2015; Zaremba-Niedzwiedzka et al., 2017; 

Lu et al., 2020; Hatano et al., 2022; Eme et al., 2023) and in the genomes of 

the two cultured representatives so far (Imachi et al., 2020; Rodrigues-

Oliveira et al., 2023). 

A recent study indicates that EV formation in the major archaeal phyla Eu-

ryarchaeota and DPANN (Spang et al., 2017) is likely driven by a different 

mechanism (Mills et al., 2023). Mass spectrometry analysis of the composi-

tion of EVs produced by H. volcanii (Euryarchaeota) revealed eleven proteins 
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to be significantly enriched in EV preparations (Mills et al., 2023). In addition 

to FtsZ2, which controls cell division (Liao et al., 2018; Liao et al., 2021), 

three CetZ proteins were identified, these tubulin-like proteins have been 

connected to cell shape, motility and cell-surface related functions (Duggin 

et al., 2015; Brown & Duggin, 2023). Furthermore, other enriched proteins 

included transporters and many hypothetical proteins including a putative fu-

sion protein (Mills et al., 2023). Special focus was then paid to the enrichment 

of a small GTPase, HVO_3014 (formerly known as OapA, re-named ArcV, 

see Wolters et al. (2019); Mills et al. (2023)) in H. volcanii EVs. OapA/Arc1 

is a Rab-family-like GTPase, belonging to the Ras-superfamily of small 

GTPases (Mills et al., 2023). A homologue of HVO_3014 (Supplementary 

Figure 1), a Sar1-/Arf1-like small GTPase, likewise assigned to the Ras-su-

perfamily, had previously been found in the vesicle samples of a variety of 

Hrr. lacusprofundi strains (Erdmann et al., 2017). Knockout of arcV in H. vol-

canii led to impaired vesicle production [Mills et al. (2023), see Chapter III]. 

Ras-superfamily small GTPases were thus identified as drivers of EV for-

mation in haloarchaea in addition to their regulatory functions in vesicle traf-

ficking of eukaryotic cells by initiating vesicle coat formation (Kirchhausen, 

2000; Nielsen et al., 2008; Stenmark, 2009; Cui et al., 2022). Eukaryotic vi-

ruses have been shown to exploit the cellular vesicle formation machinery at 

various stages of their life cycle including virus particle budding [(Votteler & 

Sundquist, 2013; Robinson et al., 2018; Hassan et al., 2021) and references 

therein]. Studies on hyperthermophilic archaea of the Sulfolobus genus have 

shown some of their viruses to be strictly dependent on the functional 

ESCRT machinery (Snyder et al., 2013) or to down-regulate escrt genes to 

facilitate budding via asymmetric cell division (J. Liu et al., 2021a). However, 

interactions of enveloped viruses with the GTPase-driven vesicle formation 

machinery of the Euryarchaeota remain to be identified.  

The plasmid vesicles (PVs) that transfer the archaeal plasmid pR1SE be-

tween halophilic archaea (Euryarchaeota) show similarities to both host EVs 
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and enveloped viruses (Erdmann et al., 2017; Gebhard et al., 2023b). PVs 

are morphologically distinct from EVs produced by their host Halorubrum la-

cusprofundi, and can disseminate the enclosed plasmid by infecting new 

host cells similar to a virus. They are thought to use similar formation mech-

anisms as EVs, as the plasmid encodes pR1SE-specific proteins some of 

which include the same domains e.g. WD40 (Schapira et al., 2017) as host 

proteins with predicted functions in EV formation (Erdmann et al., 2017). 

It is still unclear whether PV formation is dependent on the vesicle formation 

machinery of the host. Therefore, PVs represent an interesting model system 

to study vesicle formation as an ‘intermediate’ form with characteristics of 

both host EVs and membrane enveloped viruses.  

 

Previous work on the composition of EVs produced by several Hrr. lacuspro-

fundi strains also showed a number of host proteins which could play a role 

in EV and plasmid vesicle (PV) formation (Erdmann et al., 2017). Notable 

among them was a CetZ-like protein, a BamB-like protein with a WD40 do-

main, showing similarities to the γ-subunit of the COPI complex which is in-

volved in intracellular vesicle shuttling in eukaryotes (Faini et al., 2013), and 

the aforementioned small GTPase (Hlac_2746/arcV). We generated a ΔarcV 

(Hlac_2746) mutant of Hrr. lacusprofundi to determine if the vesicle formation 

machinery is dependent on small Rab-family GTPases as was shown previ-

ously for the closely related H. volcanii. Analysis of the effect of ArcV deletion 

on the life-cycle of the specialized PVs (Erdmann et al., 2017) could provide 

crucial new insights into their host dependency for cell entry and exit and 

determine their position between viruses, largely independent of the host 

machinery for cell exit, and extracellular vesicles produced by the host or-

ganism. 
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Methods 

Strains and cultivation conditions 

Halorubrum lacusprofundi ACAM34_UNSW [wild type, Mercier et al. (2022)] 

and its derivative strains ACAM34_UNSW_2.14 [escape mutant Mercier et 

al. (2022)], ACAM34_UNSWΔpyrE2 [parent, Gebhard et al. (2023a) see 

Chapter I], and ACAM34_UNSWΔpyrE2ΔHlac_2746, here referred to as 

UNSWΔpyrE2ΔarcV (Gebhard et al., 2023a), were grown in rich DBCM2+ 

medium (Burns & Dyall-Smith, 2006). DBCM2+ contained per 1L: 180 g 

NaCl, 25 g MgCl, 29 g MgSO4·7H2O, 5.8 g KCl, 1 g peptone (Oxoid, Basing-

stoke, United Kingdom), 0.5 g/l yeast extract (Oxoid) and 15 g agar for plates 

(Oxoid), dissolved in ddH2O at pH 7.5. After autoclaving, 6 ml 1 M CaCl2, 2 ml 

K2HPO4 buffer (Dyall-Smith, 2009), 4.4 ml 25 % (w/v) sodium pyruvate, 5 ml 

1 M NH4Cl, 1 ml SL10 trace elements solution and 3 ml vitamin 10 solution 

(Dyall-Smith, 2009) were added as supplements per litre of growth medium. 

Selection medium (DBCM2-), where peptone and yeast extract were re-

placed with 5 g/l casamino acids (Gebhard et al., 2023a), was supplemented 

with pravastatin (with increasing concentrations) or 50 µg/ml uracil and 

200 µg/ml 5-fluoroorotic acid as indicated. For growth on solid media, plates 

were incubated at 37 °C. Liquid cultures were incubated at 28 °C on orbital 

shakers at 120 rpm to delay biofilm formation in stationary phase.  

Knockout of Hlac_2746 (arcV) in Hrr. lacusprofundi 

The plasmid construction of pTA131_hmgA_ΔHlac_2746 used to knock out 

the arcV equivalent Hlac_2746 (Erdmann et al., 2017) in Hrr. lacusprofundi 

ACAM34_UNSWΔpyrE2 was described in detail in a previous study 

[Gebhard et al. (2023a), see Chapter I]. Following passage through the Esch-

erichia coli dam-/dcm- de-methylation strain C2925 (New England Biolabs, 

Ipswich, MA, USA), plasmids were transformed into the haloarchaeal host 

following a polyethylene glycol (PEG) based protocol (Liao et al., 2016; 
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Gebhard et al., 2023a). Successful gene deletion required a double selection 

protocol with antibiotic and uracil auxotrophy selection pressures as estab-

lished in Gebhard et al. (2023a), see Chapter I. Transformants were both 

plated on agar plates and transferred into liquid media (both DBCM2- with 

7.5 µg/ml pravastatin) immediately following transformation. Sterile ddH2O 

and a DNA aliquot of the methylated pTA131_hmgA vector were used as 

negative controls for transformation. After two successive dilutions into fresh 

medium, the third generation of liquid cultures was streaked onto agar plates 

(DBCM2- 7.5 µg/ml pravastatin) and successful pop-in of the vector was con-

firmed with colony PCR using forward and reverse primers prav_F & prav_R, 

respectively (see Supplementary Table 1) following a previously described 

PCR protocol [see Gebhard et al. (2023a) in Chapter I]. Two PCR-positive 

clones were selected for further cultivation and propagated over seven gen-

erations in liquid DBCM2- medium with increasing pravastatin concentra-

tions (7.5, 2x 10, 2x 15 to 2x 20 µg/ml). Plasmid pop-out (Bitan-Banin et al., 

2003; Allers et al., 2004) was initiated after eight generations by plating of 

diluted (10-2-10-5) liquid cultures onto agar plates (DBCM2- with 50 µg/ml ura-

cil and 200 µg/ml 5-fluoroorotic acid). 

Genome sequencing and analysis of mutants 

Colonies were screened for successful gene deletion with genome sequenc-

ing primers (Hlac_2746KOF & KOR, see Supplementary Table 1) following 

a previously described PCR protocol (Gebhard et al., 2023a). Identification 

of positive colonies was described in detail in a previous manuscript, see 

Gebhard et al. (2023a) in Chapter I. Partial deletion of Hlac_2746, hereafter 

referred to as arcV, was validated with in-house Sanger Sequencing using 

the same primer set on a ABI 3130xl Sequence Analyzer (Applied Biosys-

tems, Foster City, United States). Deletion of the targeted region of arcV 

could be confirmed for three colonies: ΔarcV_2.1, ΔarcV_2.15, ΔarcV_2.19 

which were selected for further analysis. Subsequently, library preparation 
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(FS DNA Library, NEBNext® Ultra™) and sequencing (Illumina HiSeq3000, 

2 x 150 bp, 1 Gb per sample) were performed at the Max Planck-Genome-

Centre Cologne (Germany). Read mapping of each clone to the reference 

genome of the wild type strain ACAM34_UNSW with ‘geneious mapper’ (Ge-

neious Prime® 2023.1.2, Dotmatics, Boston, United States) with medium-

low sensitivity and default settings confirmed gene deletion of arcV as no 

reads could be recruited for the targeted region. For genome comparison, 

the consensus of read recruitment to the reference genome was extracted, 

annotated with Prokka v1.14.5 (Seemann, 2014) and visualized with GenoVi 

0.2.16 (Cumsille et al., 2023). The amino acid sequences of ArcV from H. 

volcanii (HVO_3014), formerly known as OapA (Wolters et al., 2019), and 

Hrr. lacusprofundi (Hlac_2746) were analysed and aligned with HHPred 

(Hildebrand et al., 2009; Zimmermann et al., 2018). 

Production and purification of extracellular vesicles 

EVs were isolated from the culture supernatant of different Hrr. lacusprofundi 

strains by centrifugation (45 min, 4,500 x g) and precipitated with 10% 

PEG6000 overnight at 4 °C. Vesicle preparations were resuspended in 

DBCM2 salt solution [DBCM2 without organic additives or supplements apart 

from CaCl2, Mercier et al. (2022)] and subsequently filtered through 0.8, 0.45 

and 2x 0.2 µm sized filters. For further purification, extracellular nucleic acids 

were removed from the samples with RNase A (NEB, 20 U/ml) and DNase I 

(NEB, 20 U/mL), following precipitation and resuspension in DBCM2 salt so-

lution EVs were purified by ultracentrifugation (12 h at 150,920 x g) in Opti-

PrepTM density gradients (Sigma-Aldrich, St.Louis, United States). Images of 

parent and ΔarcV_2.1 EVs after OptiPrepTM density gradients were provided 

by Daniela Thies. 
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Electron microscopy 

For ΔarcV_2.1, culture supernatant was directly used for electron micros-

copy after separation of cells and supernatant by centrifugation without fur-

ther purification. EV preparations of other cultures were purified once with 

filtration after precipitation as described above. Micrographs were generated 

with transmission electron microscopy (TEM), after 5 min adsorption of EV 

aliquots to carbon-coated copper grids. Samples were stained with 2 % (w/v 

in ddH2O) uranyl acetate for 1 min and imaged with a JEM2100 Plus TEM 

(at 200 kV). 

Quantification of extracellular vesicle production 

EVs were quantified from vesicle preparations with two methods previously 

described in Mills et al. (2023). For this purpose, EV production was com-

pared between different strains of Hrr. lacusprofundi, firstly between parent 

and ΔarcV mutant and secondly between wild type ACAM34_UNSW and the 

escape mutant (ACAM34_UNSW_2.14). Vesicle preparations were purified 

by precipitation and filtration, as described above, from the supernatant of 

50 ml liquid cultures in independent biological triplicates per strain. From 

these, half of the vesicle preparations were stained with 500 nM MitoTracker 

Green FM (Invitrogen, Waltham, United States) for 30 min, precipitated with 

10 % PEG6000 and resuspended in DBCM2 salt solution (without organic ad-

ditives). Relative fluorescence units (RFU) were measured in a DeNovix, DS-

11 FX+ spectrophotometer with blue excitation at 470 nm and emission be-

tween 514 - 567 nm. For the parent and ΔarcV_2.1 strains, the remaining half 

was precipitated again using PEG6000 and resuspended in 100 µl 50 mM Tris-

HCl pH 7.4. Subsequently, EVs were quantified with modified Western Blots, 

where 5 µl aliquots were spotted directly on nitrocellulose membranes 

(0.2 µm, Bio-Rad, Hercules, United States). After drying at RT for 90 min, 

membranes were incubated for 30 min in 3 % (w/v) skim milk powder in  
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1x TBS buffer (0.5 mM Tris-HCl pH 7.5, 15 mM NaCl in ddH2O). The primary 

antibody against Hrr. lacusprofundi CetZ1 (Hlac_1892), custom-made order 

from Genosphere Biotechnologies (Boulogne-Billancourt, France), was di-

luted 1:1,000 into 3% milk powder in 1x TBS and incubated together with the 

membrane for 1 h, followed by two 10 min washing steps in 1x TBS-TT buffer 

(1x TBS with 0.05% Tween 20 and 0.05% Triton X, both v/v) and once with 

1x TBS. The secondary antibody, HRP-conjugated anti-rabbit antibody 

(Promega), was also diluted 1:1,000 and let to bind over 1 h in 3% skim milk 

in 1x TBS. After two washing steps in 1x TBS-TT and 1x TBS respectively, 

the chemiluminescence reaction was initiated with Clarity Western ECL Sub-

strate (Bio Rad) following the manufacturer’s instructions. Relative chemilu-

minescence was measured with ImageJ (Schneider et al., 2012) and aver-

aged out of three technical replicates for every biological replicate, per strain. 

Analysis of extracellular vesicles protein composition and RNA content 

For protein analysis, EVs were isolated from the supernatant of 50 ml liquid 

cultures of Hrr. lacusprofundi parent and ΔarcV_2.1 strains (n = 3, each), 

purified and resuspended in 100 µl 50 mM Tris-HCl pH 7.4 as described 

above. Aliquots (10 µl) of each sample were mixed with 10 µl 8 M urea and 

4 µl loading dye (0.2 g SDS, 1 mg Bromphenol Blue, 0.78 ml glycerol, 0.2 ml 

0.5 M Tris pH 6.8 and 0.155 g DTT per 10 ml). Samples were cooked at 95 

°C for 10 min, resolved by SDS-PAGE (8% acrylamide, Tris-HCl pH 8.8) and 

stained with Coomassie blue. For RNA analysis, EVs produced the parent 

and ΔarcV_2.1 strain (n = 3, each) were purified in density gradients as de-

scribed above. RNA extractions were performed following the protocol es-

tablished in Mills et al. (2023), and the size distribution of small RNAs was 

determined in a Fragment Analyzer (Model 5300 from Agilent, Santa Clara, 

CA, USA) with the Agilent small RNA Kit (DNF-470) following the manufac-

turer’s instructions.  

  



259 

Infection with pR1SE  

Infection of the ACAM34_UNSWΔpyrE2ΔarcV_2.1 strain with PVs contain-

ing the pR1SE plasmid was performed following an established protocol [see 

Gebhard, Vershinin et al., (2023), Chapter II]. The ΔarcV_2.1 mutant was 

compared to its parent strain in six biological replicates per strain including 

the uninfected controls (n = 3). For this purpose, PVs were isolated and pu-

rified from the supernatant Hrr. lacusprofundi strain DL18 (Erdmann et al., 

2017) as described above and mixed with host cells in a ratio of plasmid copy 

numbers (gcns) to receiving cells of 75 to 1. After 2 h, cell preparations were 

washed twice with sterile medium (10 min 10,000 x g centrifugation at RT) to 

remove unattached PVs and transferred into 50 ml of DBCM2+ medium con-

taining 50 µg/ml uracil. A 2 ml aliquot was removed immediately from each 

culture for the 0 h.p.i. time point. Centrifugation (10 min at 14.000 x g) sepa-

rated aliquots into supernatants and cell pellets, after which pellets were 

washed twice with sterile medium and snap-frozen with liquid nitrogen. Su-

pernatant samples were precipitated with 10% PEG6000 and snap-frozen with 

liquid nitrogen. Growth of cultures was measured by optical density (OD) at 

600 nm at 28 °C and 120 rpm over seven days. Additional samples for qPCR 

were removed during early infection (ca. 20 h.p.i.), early exponential growth 

(ca. 40 h.p.i.) and during late exponential growth (ca. 60 h.p.i.) and treated 

as described for above. Cultures were diluted into fresh medium once 

OD600 nm reached approx. 1.5 in order to track PV infection over a longer 

timeframe as established for pR1SE infections [Gebhard et al. (2023b), see 

Chapter II]. Here samples were again taken during comparable stages of 

growth.  

qPCR quantification 

For qPCR quantification, DNA was extracted from cell pellets and superna-

tant samples with the Isolate II Genomic DNA Kit (Bioline, London, United 
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Kingdom) following the manufacturer’s protocol. pR1SE gcns were quanti-

fied by qPCR following the protocol established in Gebhard, Vershinin et al., 

(2023), primer sets and reaction conditions are listed in Supplementary Ta-

ble 1. All reactions were performed in 10 µl reactions containing 1x SsoAd-

vanced Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Touch Real-

Time PCR machine (Bio-Rad Laboratories). The qPCR programme was set 

to 5 min at 95  °C followed by 30 s at 95 °C and 30 s at 61 °C or 67.8 °C for 

35-40 cycles (see Supplementary Table 1). Only assays with efficiencies cal-

culated to 95 - 105% and R2 ≥ 0.98 were included in the final analysis. All 

statistical analysis was performed with R version 4.1.2 (R. C. Team, 2021) 

and RStudio (R. Team, 2023). The effect of strain on titres and plasmid-host-

ratios at each time point was determined by two-sided, unpaired Student’s t-

tests. Normal distribution and homogeneity of variances of sub-datasets 

were confirmed based on the consensus of Shapiro–Wilk’s Test, F-Test, 

Bartlett’s Test (Snedecor & Cochran, 1989), Levene’s Test (Levene, 1960) 

and Fligner–Killeen’s Test (Fligner & Killeen, 1976). 

Results 

Genome Sequencing reveals large genomic re-organisation in three 

ΔarcV clones 

Knockout of ArcV was attempted with the pop-in pop-out method in the uracil 

auxotrophic mutant of Hrr. lacusprofundi (Gebhard et al., 2023a). No growth 

was detected on plates after transformation, but growth was observed in liq-

uid cultures with no apparent contamination in the two negative controls. Af-

ter the forced plasmid excision from the prospective deletion mutants, three 

colonies were identified as deletion mutants after colony PCR (Supplemen-

tary Figure 2) were selected for further confirmation by genome sequencing. 
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Figure 1: Genome comparison of the wild type strain ACAM34_UNSW with the 
three ΔarcV mutant strains and the virus resistant escape mutant UNSW_2.14. 
(a) Single replicon of the wild type strain ACAM34_UNSW (Mercier et al., 2022) and 
relevant sections of the replicons of the daughter strains ΔarcV_2.1 (b), ΔarcV_2.15 
(c), ΔarcV_2.19 (d) and UNSW_2.14 (e). The genomic position is indicated on the 
outer white ring (Mb), the missing regions on the replicons of daughter strains are 
represented graphically in dark grey (approximation). The approximate position of 
arcV is indicated for the wild type replicon with a black arrow. The following circles 
represent respectively; the positions of clusters of orthologous groups (COGs) cate-
gories of coding sequences (CDSs) on the replicon with either forward (+) or negative 
(-) orientation, positions of tRNA-encoding genes (pink), rRNA-encoding genes 
(green), GC content (light green) and GC skew (dark green). The colour coding of 
COGs categories is indicated in the legend at the bottom. All genomes were anno-
tated with Prokka (Seemann, 2014) and visualized with GenoVi (Cumsille et al., 
2023). 

Read recruitment to the reference genome of the wild type ACAM34_UNSW 

strain [Mercier et al. (2022), see Figure 1A], revealed large ≥ 47 kb deletions 

at the position of approx. 1.9 Mb in addition to the expected in-frame deletion 

of arcV next to the origin of replication of the main host chromosome (Sup-

plementary Figure 3). Two strains ΔarcV_2.1 (Figure 1B) and ΔarcV_2.15 



262 

(Figure 1C) show deletions of near identical size (approx. 49 kb) and position 

(1,933,408 bp to 1,982,442 bp and 1,933,417 bp to 1,982,419 bp). Both are 

flanked by two copies of the ISH3 family transposase ISHla1 (Siguier et al., 

2006; Filée et al., 2007) with 100% identity (ACAM34_UNSW01949 and 

ACAM34_UNSW01989). Two additional copies of the ISHla1 transposon 

(ACAM34_UNSW01869 and ACAM34_UNSW01984) also enclose the 

larger deletion in ΔarcV_2.19 (approx. 111 kb, positions 1,853,999 bp to 

1,977,476 bp, Figure 1D). This mirrors the gene loss attributed to trans-

posase activity previously observed in ACAM34_UNSW_2.14 after the strain 

acquired resistance to a lytic virus, HRTV-DL1, following infection over sev-

eral generations (Mercier et al., 2022). Here, the deleted region spans circa 

200 kb with deleted sections from 1,781,187-1,806,805 bp, 1,853,999 bp to 

1,977,375 bp and 2,054,778-2,047,260 bp (Figure 1E). In both cases a few 

coding sequences retain sequence coverage in the missing regions. These 

genes are predicted transposases (ISH3 family transposases) and likely rep-

resent an artefact from read mapping to multiple positions to the reference 

genome of the wild type. The missing regions in the three deletion mutants 

and the virus-resistant mutant cover a wide range of all major COG catego-

ries and notable genes include one of two surface (S-) layer proteins 

(Hlac_2976) and a Cdc6 protein (initiation of replication, Hlac_2858).  

Characterization of the extracellular vesicles produced by the mutant. 

The deletion of the arcV gene was previously shown to hinder extracellular 

vesicle (EV) formation in H. volcanii (Mills et al., 2023). Therefore, EV pro-

duction was compared between different strains of Hrr. lacusprofundi, 

namely between the parent strain and the newly generated ΔarcV mutant. 

Additionally, we compared EV production between wild type 

ACAM34_UNSW and a virus-resistant mutant (escape mutant 

ACAM34_UNSW_2.14) that lost the second S-layer gene, by a similar dele-

tion as in the ΔarcV_2.1 mutant (see Figure 1E), to infer on the influence of 
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the S-layer gene deletion on EV production. Micrographs of EVs obtained 

directly from the culture supernatant of ΔarcV_2.1 strain showed compara-

tively large and irregularly shaped EVs (Figure 2A-B). This kind of highly un-

usual EV morphology was not observed in purified preparations from the 

parent strain or the escape mutant (Supplementary Figure 4). Moreover, 

ΔarcV vesicle preparations behaved differently in gradient ultracentrifugation 

suggesting a different density distribution of the EV population of the parent 

strain (Supplementary Figure 4). Nevertheless, we could not detect a signif-

icant difference in EV quantity between parent and ΔarcV strain with either 

quantification method (Figure 2B, Supplementary Figure 5). In general, the 

parent, ΔarcV_2.1 and wild type ACAM34_UNSW strains appear to show 

comparable rates of EV production, whereas the escape mutant 

UNSW_2.14 appears to produce noticeably fewer EVs. 

 

Comparison of EV composition between parent and ΔarcV_2.1 strains 

showed shifts in total protein content obtained from equal volumes of liquid 

culture (Supplementary Figure 6). Individual proteins were not identified yet, 

but the largest difference was observed in the size fraction between 95 – 250 

kDa, likely containing components of the vesicle coat. Moreover, ΔarcV_2.1 

EVs contained significantly lower amounts of small RNAs with a narrower 

size distribution compared to the parent strain (Supplementary Figure 7). 

Small RNAs are generally enriched in the EVs of Hrr. lacusprofundi and other 

haloarchaea (Mills et al., 2023) and may facilitate communication between 

cells in a population. 

Infection with the pR1SE plasmid is inhibited in the ΔarcV strain. 

In order to determine to which extent pR1SE reproduction is dependent on 

ArcV as well as the impact of the large-scale deletions including one of two 

host S-layer genes, we infected the ΔarcV mutant 2.1, with the pR1SE plas-

mid and tracked infection over time in comparison to the parent strain. 
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Figure 2: Unusual extracellular vesicle morphology in the ΔarcV mutant.                 
Electron micrographs of EVs isolated directly from the culture supernatant of the 
ΔarcV_2.1 strain without further purification (a). The black scale bars represent 
100 nm. (b) EV quantification from purified vesicle preparations from the parent (dark 
grey circles), ΔarcV_2.1 (white triangles), wild type (black diamonds) and escape mu-
tant UNSW_2.14 strains (light grey squares). Relative fluorescence (RFU) normal-
ized to OD600 is shown for three biological replicates per strain; the average is indi-
cated by a grey line. 

 

The infection efficiency after 2 hours of adsorption was noticeably higher in 

the ΔarcV mutant (10.56% ± 7.61%, n = 3) compared to the parent strain 

(3.45% ± 1.92%, n = 3). 

 

Following the growth of cells over time, no notable difference in growth could 

be detected between the deletion mutant in comparison to the parental 

strain. Plasmid pR1SE genome copy numbers (gcns) were already detected 

in the supernatant of infected cultures at 20 hours post infection (h.p.i., Fig-

ure 3A). Titres reached maximal values of 6.33 x 10+8 (± 3.26 x 10+8, n = 3) at 

68 h.p.i. for the ΔarcV_2.1 strain and 7.87 x 10+8 (± 3.15x 10+8, n = 3) at 

43 h.p.i. for the parent strain during the first part of the growth curve. The 

development of plasmid titres over time appeared to point towards a delayed 
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production of PVs in the deletion mutant. This observation was supported by 

the intracellular plasmid genome copies normalized to the main chromosome 

copies (plasmid-host-ratios, Figure 3B). Here, after initial increase in the 

ΔarcV mutant immediately post infection, which was reflected in the higher 

infection efficiency of pR1SE in the deletion mutant, plasmid-host-ratios de-

creased over time before rising again at 68 h.p.i..  

 

Ratios increased in both strains after the dilution of cultures at 70 h.p.i, reach-

ing their maximal values at 92 h.p.i. with 15.4 ± 1.1 (n = 3, parent) and 

8.6 ± 0.6 (n = 3, ΔarcV) and either stagnated or declined slowly over the re-

maining incubation time. Nevertheless, plasmid-host-ratios in the ΔarcV mu-

tant consistently stayed below the ratios recorded for the parent strain during 

the extended growth curve after 70 h.p.i. (Figure 3C) developments of plas-

mid titres again mirrored each other but showed a clear delay in the ΔarcV 

strain. While plasmid titres decreased over time after their initial peak at 

91 h.p.i for the parent strain (3.61 x 10+9 ± 3.8 x 10+8, n = 3), plasmid titres in 

the ΔarcV strain reached their peak a day later at 115 h.p.i 

(3.61 x 10+9 ± 3.8 x 10+8, n = 3). Therefore, we conclude that all steps of the 

pR1SE life cycle are able to proceed despite the deletion of the arcV gene in 

the host. Uptake into the cell is increased while genome replication and par-

ticle release appear to be reduced in comparison to the control. 

Discussion 

PVs exhibit characteristics of both host EVs and membrane enveloped vi-

ruses yet it is still unclear to what degree PV formation is dependent on the 

EV formation machinery of the host. We deleted the arcV gene (Hlac_2746) 

in Hrr. lacusprofundi in order to determine the effect that this enzyme with a 

central function in EV formation would have on PV formation. 
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Genome sequencing revealed that all three clones of the ΔarcV deletion con-

tained large genomic deletions in a region of the main chromosome, which 

is not adjacent to the targeted arcV gene. Therefore, these deletions are un-

likely to have been caused by vector excision from the genome during pop-

out as the final step of target gene deletion (Bitan-Banin et al., 2003; Allers 

et al., 2004). Moreover, as the deletions are located in the same region of 

the chromosome, but are not identical we consider the three strains to be 

distinct strains. Long-term cultivation of ACAM34 under laboratory conditions 

had led to the fusion of chromosome 1 and parts of chromosome 2 of the 

type strain (Anderson et al., 2016) into one large chromosome found in the 

ACAM34_UNSW strain (Mercier et al., 2022). Interestingly, the position on 

the genome and the size of the deleted regions closely mirror the genome 

re-organisation previously described for the virus resistant strain 

ACAM34_UNSW_2.14 (Mercier et al., 2022). 

 

This mutant acquired full resistance against the lytic virus HRTV-DL1 over 

long-term exposure at low multiplicity of infection at infection. The loss of 

approx. 200 kb was attributed to transposase activity in the region of the host 

chromosome containing parts of the former chromosome 2. This major re-

organisation of the genome in the same region of the chromosome of 

ACAM34_UNSW has now been observed after two entirely different experi-

ments; firstly, as a response to viral infection and secondly after the in-frame 

deletion of a gene located in a different region of the chromosome. Similar 

re-arrangements of genomes with large insertions into the main chromo-

some likely caused by transposase activity have also been described in other 

haloarchaea under laboratory conditions (Pfeiffer et al., 2008; Hawkins et al., 

2013; Pfeiffer et al., 2020). We propose that the region of the integrated for-

mer chromosome 2 flanked by several copies of the ISH3 family transposase 

ISHla1 (Siguier et al., 2006; Mercier et al., 2022) is vulnerable to transposase 

activity as a stress response of the host.   
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Figure 3: Infection life cycle of the pR1SE plasmid is delayed in the ΔarcV 
strain. (a) Growth of Hrr. lacusprofundi parent (circles) and ΔarcV_2.1 (triangles) 
strains was monitored by OD600 (primary-axis) in biological triplicates (average of 
n = 3 ± standard deviation of the mean) for both uninfected controls (black, solid line) 
and pR1SE-infected (white, dashed line) cultures over time (hours post infection). 
Plasmid copy numbers per ml of infected cultures were quantified by qPCR and rep-
resented in logarithmic scale (to base 10) on the secondary y-axis (average of 
n = 3 ± standard deviation of the mean). Titers at each time point (numbered) were 
compared between strains with two-sided, unpaired student’s t-tests, indicated in the 
graph on the right using the following significance codes: ‘***’ for p < 0.001, ‘**’ for p 
< 0.01, ‘*’ for p ≤ 0.05 and p ≥ 0.05. (b) Plasmid to host ratios within cells are repre-
sented over time (h.p.i.) as pR1SE genome copy numbers to main host chromosome 
numbers per ng of DNA (average of n = 3 ± standard deviation of the mean) for the 
parent (dark grey) and ΔarcV_2.1 (white) strains. Statistical significance is indicated 
in the graph using the same significance codes described above for (a). (c) Extended 
growth after dilution of the cultures shown in (a) at 68 h.p.i. with identical graphical 
representation and statistical analysis. 

The deletion of the small vesiculating GTPase ArcV is not lethal in Hrr. la-

cusprofundi but leads to major restructuring of genome as the organism pre-

sumably struggles in the absence of ArcV. Screening of additional replicates 

after arcV deletion could solidify this hypothesis. 

 

In the absence of unaffected mutants, we chose the ΔarcV clone 2.1, with 

the comparatively smallest genomic deletion, for further characterisation. In 

contrast to the previously reported deletion of arcV in H. volcanii, we ob-

served extracellular vesicles (EVs) in the supernatant of ΔarcV cultures. EV 

quantification did not show a significant difference between the ΔarcV mutant 

and parent strain with either method. However, in contrast to EVs produced 

by the wild type ACAM34_UNSW or the ACAM34_UNSWΔpyrE2 parent 

strain EVs were noticeably larger and irregular in shape. We observed 

changes to the total protein content of EVs and a significant reduction in the 

small RNA content of ΔarcV_2.1 EVs. In our hypothesis, this could be the 

result of cell envelope instability expressed as over-vesiculation following the 

loss of one of two S-layer genes in conjunction with the deletion of arcV dis-

rupting the regular formation of EVs and the packaging of small RNAs into 

EVs. Initial attempts to determine whether the deletion of the S-layer gene 
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indeed leads to hypervesiculation failed, because the UNSW_2.14 strain 

showed decreased EV production when compared to the parental strain. 

While we infer that the large deletion in the ΔarcV mutants is involved in 

causing instability of the cell envelope and vesicle formation in the ΔarcV 

mutants, it needs to be confirmed by targeted gene knockouts whether this 

morphology is indeed caused directly by the loss of the S-layer or other 

genes in the affected region. However, the changes in RNA and protein con-

tent of EVs produced by the ΔarcV_2.1 strain strongly suggest that regular 

EV production is disrupted beyond what could be explained by cell envelope 

destabilization. Despite major genome re-organization and strange EV mor-

phology, we did not observe major growth deficits in the deletion mutant. As 

for the escape mutant UNSW_2.14 (Mercier et al., 2022), one S-layer gene 

appears to be sufficient to retain cell integrity and growth under optimal con-

ditions.  

 

Haloferax Pleomorphic Virus-1 (Alarcón-Schumacher et al., 2022) a mem-

brane enveloped pleolipomorphic virus (Bamford et al., 2017) was able to 

successfully infect and produce particles in the H. volcanii ΔarcV mutant de-

spite the lack of EV production (J. Mills personal communication). Hence, we 

wanted to test whether the infectious pR1SE plasmid would likewise be able 

to successfully infect the Hrr. lacusprofundi ΔarcV_2.1 strain. Thus, our initial 

hypothesis had to be adjusted since the deletion of the small vesiculating 

GTPase did not have the same effect in Hrr. lacusprofundi as it did in H. 

volcanii. Nevertheless, we conclude that PV production is independent from 

ArcV-driven EV formation.  

 

Initial infection efficiency and plasmid-to-host ratios were significantly higher 

in the mutant strain, suggesting that plasmid uptake into cells could have 



270 

potentially benefitted from a looser cell envelope due to irregular EV produc-

tion in the mutant. However, over time both intracellular plasmid-to-host ra-

tios and extracellular plasmid titres in the mutant were lower than those rec-

orded for the parent strain, indicating that replication and particle release are 

delayed in the ΔarcV mutant. Since plasmid titres were recorded within the 

same order of magnitude for both strains, deletion of arcV does not appear 

to prevent pR1SE replication and PV formation and release. Furthermore, 

incidental packaging of pR1SE into EVs produced by the host would be ex-

pected to either produce a more irregular pattern or to be closely tied to the 

growth rate of the host. At this point, it is difficult to determine whether the 

delay in the pR1SE life cycle is directly caused by the deletion of arcV. The 

missing genomic region of the ΔarcV strain contains a Cdc6/Orc1 replication 

initiation protein (Hlac_2958, ACAM34_UNSW01965). pR1SE encodes a 

Cdc6/Orc1 protein (ORF29) adjacent to a predicted origin of replication ad-

ditionally to the putative plasmid replication protein RepH [ORF1, Erdmann 

et al. (2017)]. The reduced pR1SE copy numbers in the mutant that has lost 

a Cdc6 protein could indicate that host Cdc6 proteins recognize the same 

origin leading to enhanced pR1SE replication. 

 

This study expands and complements previous observations made on the 

PV life cycle (Gebhard et al., 2023b), plasmid-host-ratios and extracellular 

titres of pR1SE both appear to increase during exponential growth of the host 

and plateau from early stationary phase onwards. The plasmid-to-host ratios 

recorded for pR1SE here also remain comparatively high for haloarchaeal 

plasmids. Haloarchaea (Breuert et al., 2006; Soppa, 2013; Ludt & Soppa, 

2019) often possess, in addition to the main chromosome, several mini-chro-

mosomes, megaplasmids (> 100 kb), and plasmids. It has previously been 

suggested that the smaller sizes of rolling-circle replication plasmids in halo-

archaea could be linked to higher copy numbers (S. Chen et al., 2016),  
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a trend that appears to also extend to thermophilic Euryarchaeota (Erauso 

et al., 1996; Gonnet et al., 2011; Gorlas et al., 2013). The minimal replication 

origin of plasmid pR1SE contains a putative RepH protein (Erdmann et al., 

2017), indicating that this plasmid may also replicate via rolling-circle repli-

cation. The copy numbers of megaplasmids have been reported as ≤ 2 for 

haloarchaea, including Hrr. lacusprofundi, when normalized to the main 

chromosome (Hawkins et al., 2013; X. Liu et al., 2013). Smaller plasmids 

(≤ 10 kb) generally exhibit copy numbers ranging from 6 - 15 (Charlebois et 

al., 1987; Allers et al., 2004; S. Chen et al., 2016). Furthermore, lysogenic 

viral genomes in plasmid form are generally maintained intracellularly under 

stable copy number control and reach genomic virus-to-host ratios of 20 only 

when viral genes responsible for copy number control are deleted (Wang et 

al., 2016; B. Chen et al., 2020). Thus, the plasmid pR1SE (> 30 kb) plasmid-

to-host ratios mirror values previously reported for much smaller plasmids or 

lysogenic viral genomes without copy number control. 

 

Archaeal plasmids have also been extensively studied in the Thermoprote-

ota, particularly in the Sulfolobaceae. Copy numbers of up to 50 per host 

chromosome have been reported for several large conjugative plasmids            

(~ 25 - 45 kb) immediately following conjugation into non-original host Sulfol-

obus strains (Schleper et al., 1995; Prangishvili et al., 1998; Erauso et al., 

2006). However, plasmid copy numbers declined over time and maintained 

stable low copy numbers in the long-term, similarly to the ratios observed in 

native hosts. To date no conjugative plasmids have been identified in halo-

archaea, and for a long time conjugation was thought to be restricted to the 

Sulfolobaceae (Wagner et al., 2017) until a conjugative plasmid was recently 

identified in a thermophilic Euryarchaeon (Catchpole et al., 2023). There 

however, the pT33-3 plasmid (103 kb) was maintained at approx. equal copy 
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numbers to the main host chromosome both in native hosts and after conju-

gation into a receiving host. The development of plasmid-to-host ratios in the 

native host strains of pR1SE, Hrr. lacusprofundi R1S1 and DL18 (Erdmann 

et al., 2017) over time has not yet been analysed. However, in this and pre-

vious studies (Gebhard et al., 2023b), infection with pR1SE had the opposite 

effect on the plasmid:host ratios of pR1SE with ratios increasing over time in 

successive generations. The additional data provided from the infection of 

the ΔarcV mutant of Hrr. lacusprofundi strengthens our previous observation 

that pR1SE dissemination has more resemblance to a viral infection than to 

the transmission of conjugative plasmids, while having seemingly no nega-

tive effect on the host organism. Moreover, PV particle production is not pre-

vented by the deletion of arcV in the host, suggesting that PVs are at least 

independent of the host vesicle formation machinery that is driven by ArcV.  
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Supplementary Figures 

 

 

Supplementary Figure 1: Alignment of Hrr. lacusprofundi and H. 
volcanii ArcV with HHPred.  

The protein sequences were aligned in HHPred (Hildebrand et al., 2009; 
Zimmermann et al., 2018) at default settings showing that Hlac_2746 is 
indeed a homologue to HVO_3014.   
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Supplementary Figure 2: Screening of pTA131_hmgA_ΔarcV 
transformants of ACAM34_UNSWΔpyrE2 for successful gene deletion. 
(a) PCR targeting the hmgA gene in order to confirm successful plasmid 
uptake into the genome under pop-in conditions on 15 
ACAM34_UNSWΔpyrE2ΔarcV clones after three generations. Clones that 
were selected for further cultivation are marked with a red circle. (-C) 
negative control with ddH2O, (+C) positive control with purified 
pTA131_hmgA vector DNA. (b) reproduced with permission from 
Supplementary Figure 13 originally published in Gebhard et al. (2023). PCR 
targeting the predicted ArcV (Hlac_2746) on 62 potential 
ACAM34_UNSWΔpyrE2ΔarcV clones after eight generations. Clones with 
PCR signals for mutated arcV are marked with red circles. (-C) negative 
control with ddH2O, (+C) positive control with wild type ACAM34_UNSW 
genomic DNA. First lane from the left: DNA marker (GeneRuler 1 kb Plus 
DNA Ladder, Thermo Scientific™). DNA was separated on 1% agarose gels 
and stained with SYBR™ Safe.  
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Supplementary Figure 3: Genomes of ΔarcV mutants _2.1, _2.15 and 
_2.19 showing the deletion of arcV. Read mapping of genome sequencing 
data of the mutant strains ΔarcV_2.1 (a-b), ΔarcV_2.15 (c-d) and 
ΔarcV_2.19 (e-f) to the ACAM34_UNSW genome (log scale). Only the 
section with the deletion of arcV (Hlac_2746) is shown in two different 
magnifications, including the binding sites of forward (dark green) and 
reverse (light green) primers. Visualized using Geneious version 2023.1 
created by Biomatters (www.geneious.com). 

 

Supplementary Figure 4: Gradient purification and micrographs of EVs 
from different Hrr. lacusprofundi strains. OptiprepTM density gradient of 
parent (a) and ΔarcV_2.1 (b) EVs showing differences in the densities of the 
EVs produced by each strain (broad band(s) compared to two distinct 
bands). Transmission electron micrograph of purified (0.2 µm filtered) EV 
preparations from the parent strain (c) and the escape mutant 
ACAM34_UNSW_2.14 (d) which appears to produce fewer EVs in general, 
size bar indicates either 200 nm (for c) or 500 nm (for d). 
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Supplementary Figure 5: Quantification of EVs from Hrr. lacusprofundi 
ACAM34_UNSWΔarcV_2.1 and its parent strain. (a) Quantification of EVs 
harvested from 25 ml of culture supernatant of the parent (dark grey circles) 
and ΔarcV (clone 2.1, white triangles) strains given as relative Intensity per 
unit of OD600 after 10 s of accumulation of chemiluminescent signal. Points 
represent the average of three technical replicates for every biological 
replicate; the average value per strain is represented with a grey line, (b) 
original spot blot. 
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Supplementary Figure 6: Comparison of the protein content of EVs 
produced by Hrr. lacusprofundi ACAM34_UNSWΔarcV_2.1 and its 
parent strain. EVs samples (1-3) produced by the parent (P) and ΔarcV_2.1 
(A) strains were separated via SDS-PAGE (8% Acrylamide) and stained with 
Coomassie blue to visualize all proteins. Color Prestained Protein Standard 
(NEB) was added a as a size standard (kDa). 

Supplementary Figure 7: Comparison of the RNA content of EVs 
produced by Hrr. lacusprofundi ACAM34_UNSWΔarcV_2.1 and its 
parent strain. The size distribution (nt) of small RNAs extracted from EVs (n 
= 3, or n = 2) produced by the ΔarcV_2.1 (A) and parent (P) strain was 
analyzed on a fragment analyzer.  
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Discussion & Concluding Remarks 

Over the course of this dissertation, I have described the successful improve-

ment of the genetic system of Halorubrum lacusprofundi (Chapter I). This 

allowed us to create in-frame gene deletions in the host organism for pR1SE. 

We were then able to track the pR1SE infection cycle intracellularly and ex-

tracellularly (Chapter II) and compare it to two viruses, a lytic tailed virus and 

a membrane-enveloped chronic virus during infection of the wild-type (pa-

rental strain, pyrE2 mutant) and an N-glycosylation deficient mutant of Hrr. 

lacusprofundi. By disrupting the N-glycosylation machinery of the host we 

were able to show that the stability of the two membrane enveloped particles, 

HFPV-1 virions and plasmid vesicles (PVs) was affected negatively. Com-

paring the lipid composition between host cells, host membranes and EVs 

(and PVs) identified selective enrichment of lipid species into the vesicle frac-

tion for both Hrr. lacusprofundi and H. volcanii (Chapter III). Based on previ-

ous work showing that the arcV small GTPase is crucial for vesicle formation 

in H. volcanii (Chapter III) we created knock out mutants for the arcV homo-

logue in Hrr. lacusprofundi (Chapter IV). The gene deletion led to wide-scale 

genomic re-arrangement of the host chromosome and altered the regular EV 

formation mechanism of Hrr. lacus-profundi. Nevertheless, we observed PV 

production after pR1SE infection indicating that PVs are independent from 

the host vesicle formation machinery that is driven by ArcV. 

 

The main findings of this dissertation are presented and discussed in the 

respective chapters. In this general discussion, I will focus on the questions 

and hypotheses raised in those chapters, discuss our expanded knowledge 

of PVs in relation to comparable mobile genetic elements in prokaryotes, and 

provide suggestions future avenues for investigation. 
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Double selection is necessary for successful gene deletions in 

Halorubrum 

As Hrr. lacusprofundi is currently the only known host of pR1SE and pro-

ducer of PVs, we quickly ran into the hurdle of not being able to genetically 

manipulate the host organism. Hrr. lacusprofundi has posed a couple of chal-

lenges to the successful establishment of genetic systems. The genome con-

tains many insertion sequences, and the secondary chromosome and the 

plasmid pHLAC01 are very flexible (Tschitschko et al., 2018; Harrison & 

Allers, 2022; Mercier et al., 2022). Liao and colleagues (2016) were unable 

to induce mutagenesis in the orotate phosphoribosyltransferase genes 

(pyrE2) in Hrr. lacusprofundi, but were able successfully establish a genetic 

system based on resistance to the antibiotic pravastatin. 

 

As described in Chapter I, we have been able to induce spontaneous pyrE2 

gene deletions in two strains of Hrr. lacusprofundi. In the ACAM34_UNSW 

strain the gene deletion affected parts of a downstream gene but we did not 

identify growth defects in the mutant compared to the parent strain. While 

this is clearly not ideal, we observed identical deletions in two mutants gen-

erated in separate experiments suggesting that this was a spontaneous but 

targeted gene inactivation driven by the organism. Subsequently we demon-

strated how a combination of selection pressures, uracil auxotrophy and 

pravastatin resistance, enabled in-frame deletions of multiple genes in the 

same strain with a pop-in pop-out system as is established in other haloar-

chaea (Dattani et al., 2022; Harrison & Allers, 2022). The high ploidy of Hrr. 

lacusprofundi necessitated successive cultivation under increasing pravas-

tatin concentrations to force cells to incorporate the vector plasmid into all 

copies of the chromosome, to increase the probability to recover mutants 

with the targeted gene deletions. While this considerably stretches out the 



 

289  

period between transformation and the recovery of deletion mutants, the pro-

tocol we have established now has been reliable in several gene deletions. 

This kind of double selection strategy is a promising approach to establish 

genetic systems in other genetically inaccessible cultivated archaea pro-

vided, that mutation in their pyrE2 genes can be manipulated. 

N-Glycosylation is crucial for the stability of budding viruses 

and PVs 

Cell surface proteins of haloarchaea are highly glycosylated, which ensures 

protein folding, stability and function under hypersaline conditions (Yurist-

Doutsch et al., 2010; Tamir & Eichler, 2017; Eichler, 2020; Vershinin et al., 

2021a). Several PV proteins predicted to form parts of the vesicle coat con-

tain N-glycosylation motifs, as do the capsid proteins of many haloarchaeal 

viruses (see Chapter II). For instance, the spike protein of the HRPV-1 virus 

is modified with N-linked glycans with an identical composition to the glycans 

attached to the S-layer glycoprotein of its host (Kandiba et al., 2012; Zaretsky 

et al., 2018).  

Deletion of the archaeal oligosacharyltransferase (aglB) gene in Hrr. lacus-

profundi allowed us to determine the effect N-glycosylation has on virus host 

interactions in this system Chapter II). Since aglB and its homologues are 

the central enzymes in the N-glycosylation pathway of prokaryotes and eu-

karyotes (Kohda, 2018), it naturally became the first target for our investiga-

tion. While N-glycosylation has been investigated extensively in H. volcanii 

[see Eichler (2020) and references therein], the only other studies directly 

describing the effect of N-glycosylation on virus host interactions in haloar-

chaea were performed with a host without a genetic system (Kandiba et al., 

2012; Zaretsky et al., 2018). 

Comparison of the effect of aglB deletion on the three infectious agents 

showed clear differences from one virus-host interaction to another. The lytic 

HRTV-DL1 virus (Mercier et al., 2022) was not affected by impaired  
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N-glycosylation in the host but the two membrane-enveloped particles, 

HFPV-1 (Alarcón-Schumacher et al., 2022) and PVs, were both negatively 

affected. In both cases, particle production was clearly not prevented by the 

deletion of aglB, but particle stability and release were impacted. We ob-

served increased HFPV-1 virion release in the Hrr. lacusprofundi ΔaglB mu-

tant yet interestingly, in its preferred host H. volcanii, the HFPV-1 titers were 

significantly lower (ca. 2 orders of magnitude) in the ΔaglB mutant compared 

to the parent strain [personal communication by Tomás Alarcón-Schu-

macher, see Chapter 2 of Alarcón-Schumacher (2023)]. 

 

This contradicting result in two different host organisms is puzzling. Poten-

tially HFPV-1 has optimized the budding release of virions in its preferred 

host and there, de-glycosylation would not be a benefit since the release 

mechanism is dependent on the normal conditions of S-layer stability. This 

could potentially explain our observations of lower viral production in the H. 

volcanii ΔaglB mutant but increased viral production in the Hrr. lacusprofundi 

ΔaglB mutant, where the less rigid S-layer could benefit the virus. In this 

case, HFPV-1 might be considered to employ a broad strategy for host take-

over during infection in non-optimal hosts, which benefits from S-layer insta-

bility, but would be able to change its strategy to one uniquely suited to the 

conditions in its preferred host. In the latter case, infection and host takeover 

would be optimized for the most efficient replication in its preferred host, 

based on a delicate equilibrium in the host-virus arms race and which is vul-

nerable to strong changes in the host. 

Impaired N-glycosylation of the host clearly did not prevent infection in any 

of the three infectious agents under the tested conditions. However, I as-

sume the effect could be different outside of pure cultures, where at least 

HRTV-DL1 and PVs with their narrow host ranges would have to discriminate 

and recognize suitable hosts out of a mixed microbial population. In this 

case, impaired N-glycosylation of the host could affect infection efficiency if 
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the specific N-glycan modifications of the host are used by the infectious 

agents as unique markers to quickly recognize suitable hosts. 

 

We expect HFPV-1, HRTV-DL1 and PV proteins to be glycosylated with the 

individual glycan modifications specific to Hrr. lacusprofundi, as was de-

scribed previously for the spike protein of HRPV-1 and Halorubrum spp. PV6 

(Kandiba et al., 2012; Zaretsky et al., 2018). Unfortunately, the specific N-

linked glycans of Hrr. lacusprofundi have not been identified yet. Based on 

the previous work performed on the role of agl cluster enzymes in H. volcanii 

[see Jarrell et al. (2014), and references therein], and Halobacterium salinar-

ium (Zaretsky et al., 2019; Vershinin et al., 2021a; Vershinin et al., 2023), a 

wide area opens itself up for future investigations of the different impacts N-

glycosylation has in Hrr. lacusprofundi. 

Insights into vesicle formation in haloarchaea 

The discovery of a predicted small Sar1/Arf-family GTPase protein in PV and 

EV preparations of Hrr. lacusprofundi (Erdmann et al., 2017) laid the ground-

work for the eventual discovery of the crucial role that EV-associated Ras 

superfamily GTPases play for the vesicle formation of Euryarchaeota de-

scribed in Chapter III (Mills et al., 2023). Already in 2017, the association of 

small GTPases and host and pR1SE-derived proteins with structural similar-

ities to subunits of the eukaryotic COPI vesicle coat complex suggested 

COPI-like mechanism of vesicle formation. With the experimental work per-

formed on H. volcanii EVs and identification of the spread of small Ras su-

perfamily GTPases across archaea we can now propose that EV formation 

in Euryarchaeota is likely driven in a GTPase-dependent manner similar to 

intracellular vesicle trafficking in eukaryotes. Homologues of the eukaryotic 

ESCRT machinery of extracellular vesicle formation have been identified in 

archaea and their role in cell division and vesicle formation has been studied 

in the Thermoproteota (Lindås et al., 2008; Caspi & Dekker, 2018;  
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Liu et al., 2021b; Hurtig et al., 2023). Therefore, it seems plausible that both 

the intracellular and the extracellular vesicle trafficking machineries of eukar-

yotes could have been derived from the archaeal domain or from a common 

ancestor. PV formation is not inhibited by the deletion of the small GTPase 

in Hrr. lacusprofundi, which strongly suggests that PV formation is driven by 

a separate mechanism. pR1SE could of course also be exploiting vesicle 

formation machinery proteins in a virus-like manner as has been suggested 

for Sulfolobus viruses (Quemin et al., 2016; Liu et al., 2021a), and shown for 

eukaryotic viruses (Votteler & Sundquist, 2013; Kumari et al., 2022). 

 

Deletion of the arcV gene in Hrr. lacusprofundi did not lead to the same ves-

icle formation deficient phenotype that was observed in the H. volcanii. Since 

the large-scale deletions in the genomes of the Hrr. lacusprofundi arcV mu-

tants were not located adjacent to the successful in-frame deletion of arcV, 

and similar re-arrangements did not appear when other genes were deleted 

with the same method, we do not interpret this to be a direct result of the 

vector integration and excision the target site. We suggest the loss of the 

former regions of chromosome 2 to be due to transposase activity. We hy-

pothesized that arcV is not an essential gene in Hrr. lacusprofundi, as mu-

tants did not show any severe growth defects. However, the gene appears 

important enough to induce this large-scale re-arrangement of the genome 

as the organism tries to adjust to the deletion. Deletion of arcV clearly dis-

rupted the regular ArcV-driven extracellular vesicle formation; therefore, an 

alternative process likely forms the large, irregular vesicles we observed in 

the arcV mutants. Repeating the gene deletion of arcV and screening of mu-

tants could help us to determine for certain if this large-scale genome ar-

rangement was a one-time occurrence or strongly tied to arcV deletion. 

Screening of genomes and phenotypes of multiple mutants could also help 

identify candidate proteins that could cause the formation of these irregular 

vesicles.  
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We were able to show that EVs of both H. volcanii and Hrr. lacusprofundi 

were selectively enriched in specific lipid species in a unique pattern for each 

species. Kasson et al. (2017) proposed that selective enrichment of lipids 

into budding viruses could be caused by local enrichment of lipid species at 

budding sites, by direct binding of lipids to capsid proteins or by physical 

properties of the viral/EV membrane that would cause lipids to separate dur-

ing the budding process. If we follow the theory that the vesicle formation in 

Euryarchaeota is driven by a COPI-like mechanism, looking into the lipid 

composition of COPI vesicles could provide clues for potential mechanisms 

of enrichment. Indeed, COPI vesicles contain lower levels of sphingomyelin 

and cholesterol, which form liquid ordered phases in the membrane, com-

pared to the Golgi apparatus from which they bud (Brügger et al., 2000).  

 

The formation of COPI vesicles begins with the recruitment of the Arf1 small 

GTPase to the Golgi membrane and GTP-bound Arf1 binds directly to the 

lipid bilayer (Antonny et al., 1997). In vitro studies on membrane deformation 

showed that Arf1-GTP recruitment and COPI coat assembly occur preferen-

tially on liquid-disordered regions of the membrane (Manneville et al., 2008). 

Following a hypothesis by Pinot et al. (2010), in a homogeneous membrane 

with a mixed lipid composition, this process likely enriches liquid-disordered 

phase lipids in the region surrounding the budding vesicle. Then the positive 

curvature of the membrane during budding drives enrichment of lipids into 

the vesicle. Tension in the stem of the budding vesicle between EV enriched 

and Golgi-enriched lipids could then drive fission (Pinot et al., 2010). As far 

as I can tell this remains the most likely scenario for the selective enrichment 

of lipids into the COPI vesicles from a mixed membrane with small regions 

of local enrichment. Other eukaryotic intracellular vesicle types and viruses 

specifically use larger lipid rafts of liquid-ordered phases for budding [Sapoń 

et al. (2023) and references therein] which are not enriched in the COPI ves-

icles. In other studies, COPII vesicles were shown to be specifically enriched 
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with lipids with a conical shape in vitro, which likely facilitate vesicle formation 

based on their shape (Melero et al., 2018). 

 

Since archaea have a unique lipid chemistry, we are still far away from un-

derstanding how archaeal membranes are organized. Interest in ‘archaea-

somes’, liposomes composed of archaeal lipids, is increasing (Chong et al., 

2022) and could provide answers to whether local enrichment of lipid species 

also occurs on archaeal membranes as it does in eukaryotes and bacteria. 

H. volcanii and other haloarchaea are pleomorphic, i.e., able to change their 

cell shapes, according to growth stage, nutrient availability and presence of 

specific proteins such as, e.g., CetZ-tubulin-like proteins (Duggin et al., 2015; 

de Silva et al., 2021; Schwarzer et al., 2021; Schiller et al., 2023). We do not 

know if changes in cell shape are also accompanied by shifts in the lipid 

composition of the cell membrane. Presumably, changes in curvature be-

tween e.g., rod-shaped cells and disk-shaped cells could also necessitate 

modifications in the lipids or localized enrichment in specific lipid species. 

This kind of shift in the available pool of lipids could then also affect selective 

enrichment of lipids into vesicles. We harvested both species for lipid extrac-

tion in early stationary phase, where H. volcanii cells were most likely disk-

shaped and non-motile. Growth stage dependent pleomorphism has not yet 

been experimentally determined for Hrr. lacusprofundi but based on anecdo-

tal evidence, assuming that it also exists in this organism, we might see dif-

ferences in the lipid composition of cells and EVs at different stages of growth 

for both species. 

 

Our results presented in Chapter III, along with previous studies e.g., 

Bamford et al. (2005); Ellen et al. (2009); Baquero et al. (2021), strongly 

suggest that selective enrichment of lipid species into lipid-containing parti-

cles such as vesicles and virions is common in archaea and could be driven 

by similar processes.  
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Expanding our knowledge about the pR1SE infection cycle 

As proposed in the original publication (Erdmann et al., 2017), we saw that 

pR1SE replication and PV production were tied to the growth rate of the host 

and stagnated once growth reached stationary phase (Chapter II & IV). This 

phenomenon is probably not caused by increases in host chromosome copy 

numbers shifting the plasmid-to-host ratios. Hrr. lacusprofundi like other 

haloarchaea has a genome composed of several replicons and is a highly 

polyploid organism (Breuert et al., 2006; Ludt & Soppa, 2019). Polyploidy 

confers evolutionary advantages for life under extreme conditions e.g., in-

creasing survival rates during desiccation and providing templates for effi-

cient DNA repair (Zerulla et al., 2014; Zerulla & Soppa, 2014; Ludt & Soppa, 

2019). While the regulation of polyploidy has not been analysed for Hrr. la-

cusprofundi, in all other haloarchaea that have been described so far, regu-

lation of polyploidy is coupled to the growth phase of the cell. Copy numbers 

increase during exponential growth and decrease during stationary phase 

(Breuert et al., 2006; Jaakkola et al., 2014; Ludt & Soppa, 2019). 

 In a multi-replicon genome not all components are present at the same copy 

numbers and secondary chromosomes/mini chromosomes can also be reg-

ulated outside of the main copy number control (Breuert et al., 2006). pR1SE 

replication reaches a plateau during stationary phase likely caused by down-

regulation of the host DNA replication machinery. From the infection of ΔarcV 

mutants (Chapter IV) we could infer that pR1SE may also encode targets for 

replication initiation proteins of the host in order to achieve its high intracel-

lular copy numbers since replication was delayed in the mutants were one of 

the host replication initiation proteins was deleted. 

 

While pR1SE is seemingly dependent on the host DNA replication machinery 

it does not appear to be subjected to strong copy number control by Hrr. 

lacusprofundi or is able to at least partially evade host control.  
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Plasmid-to-host ratios increased rapidly after infection and increased even 

further after dilution of the culture into a second generation. The development 

of intracellular high plasmid-to-host ratios is not accompanied by an addi-

tional increase in the extracellular PVs titres. Since we used comparatively 

high plasmid-to-host ratios for infection of the three strains (75:1), the result-

ing rapid plasmid replication could have quickly outpaced particle formation 

rates, leading to lagging PV formation. The high ratio did not prevent adsorp-

tion or pR1SE replication, indicating that adsorption and intracellular replica-

tion were not strongly constrained by receptor availability or the availability 

of resources for DNA replication. 

These observations suggest several things about the pR1SE infection cycle. 

Firstly, that pR1SE replication is likely at least partially dependent on the 

replication initiation proteins of the host to achieve high plasmid-to-host ra-

tios. Secondly, that pR1SE replication might be able to evade copy number 

control by the host to some degree, or does not compromise host fitness too 

much and will therefore not be subjected to strong copy number control. 

Thirdly, that under the conditions at which we performed the infection exper-

iments, pR1SE replication occurs at high levels but PV production appears 

to be inhibited beyond a certain limit. This inhibition could be caused by a 

natural ‘rate limit’ for PV formation based on protein synthesis etc., or could 

theoretically be actively regulated by pR1SE in response to the environmen-

tal conditions and the fitness of the host. However, based on previous obser-

vations (Erdmann et al., 2017), it is likely that if we would track the plasmid-

to-host ratios of pR1SE over an even longer time scale we would also even-

tually see plasmid integration into the host chromosome and lower PV yields. 

 

pR1SE in the context of conjugative plasmids in archaea 

Comparison of pR1SE to conjugative plasmids appears obvious, since con-

jugation, i.e. unidirectional dissemination through direct cell-to-cell contact, 
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is the main mechanism of plasmid self-transmission (Virolle et al., 2020). 

Conjugative plasmids encode their own transfer mechanisms and are thus 

in a certain sense analogous to the pR1SE plasmid, although the mode is 

different. One of the proteins in the core region 2 of pR1SE, was predicted 

to have a similar structure as bacterial pilus proteins or vesicle associated 

proteins (Erdmann et al., 2017). Pili-like proteins could potentially form part 

of the PV coat complex or be involved in attachment to the host cells during 

infection, but as PVs are clearly able to transmit independently of cell-to-cell 

contact this process would not be comparable to bona fide conjugation.  

 

Until very recently archaeal conjugative plasmids had only been identified in 

the Sulfolobales of the Thermoproteota phylum (Schleper et al., 1995; 

Grogan, 1996; Prangishvili et al., 1998; Wagner et al., 2017), and not in any 

members of the major archaeal phylum Euryarchaeota which has compara-

tively many representatives in culture. The wide spread of homologues to the 

bacterial conjugation machinery across archaea (Krupovič et al., 2019b, 

Catchpole et al., 2023) and predictions that archaea likely originally acquired 

conjugative plasmids via inter-domain transfer from bacteria in multiple in-

stances (Guglielmini et al., 2012), strongly suggest that we have only 

scratched the surface of the diversity of archaeal conjugative plasmids so 

far. Catchpole and colleagues (2023) recently described the conjugative 

pT33-3 plasmid isolated from a hyperthermophilic Euryarchaeon Thermo-

coccus sp. Conjugation is dependent on plasmid-encoded type IV secretion 

system-like genes and strictly requires cell to cell contact (Catchpole et al., 

2023). The pT33-3 plasmid appears to be conserved in size (~100 kB) and 

is present at approx. equal copy numbers to the host chromosome 

(Catchpole et al., 2023). 

In contrast, the pR1SE plasmid has exhibited large size range, the smallest 

known version of pR1SE that is still packaged into PVs is approx. 38 kB, but 

pR1SE can inflated up to at least 160 kB (Erdmann et al., 2017). Lower PV 
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yields of inflated pR1SE are likely reflective of less efficient packaging of 

plasmid DNA into PVs and suggest that there is a upper size limit to the 

amount of DNA that can be packaged into PVs (Erdmann et al., 2017). To 

the best of my knowledge, no universal upper size limit has ever been deter-

mined for conjugative plasmids, and conjugative megaplasmids with sizes 

above 200 kB have been identified in bacteria (Blanca-Ordóñez et al., 2010; 

Smillie et al., 2010; Mindlin et al., 2021; Li et al., 2022). Since conjugative 

plasmids appear to be less limited in size compared to pR1SE we have to 

assume that the dissemination by PVs has other advantages that counter 

this effect or that pR1SE may be specifically evolving towards transmission 

with a streamlined plasmid. 

 

We currently do not know whether pR1SE might have spread by inter-do-

main or inter-phylum transfers during its evolution as has been described for 

pT33-3 (Catchpole et al., 2023). The phylogeny of pR1SE or pR1SE-en-

coded proteins has not been determined yet. pR1SE has a very narrow host-

range, infection of other haloarchaea with PVs or transformation with pR1SE 

DNA have been unsuccessful so far (personal communication by S. Erd-

mann, and own unpublished work), and infection does not appear to trigger 

a strong immune response in Hrr. lacusprofundi strains. In contrast, pT33-3 

can disseminate between different species and genera of Thermococcales 

in the laboratory and the spread of anti-pT33-3 CRISPR spacers among 

Thermococcales indicates both a wide host range and a strong immune re-

sponse against this conjugative plasmid (Catchpole et al., 2023). As de-

scribed in Chapters II & IV, the increase in intracellular copy numbers of 

pR1SE over time shows an opposite development to the previously de-

scribed behaviour of archaeal conjugative plasmids immediately after conju-

gation (Schleper et al., 1995; Prangishvili et al., 1998; Erauso et al., 2006;). 

Therefore, the intracellular replication of pR1SE is more similar to an actively 

replicating virus than to a conventional archaeal plasmid. 
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Interactions between viruses and plasmids across the borders 

of the virosphere 

In the virosphere concept laid out by Koonin et al. (2021), viruses form a 

distinct group within the broader replicator space. However, the borders be-

tween the orthovirosphere, containing true viruses, the perivirosphere, of vi-

rus-like elements, and the outer space of non-viral mobile genetic elements 

(MGEs) are not rigid. Gene exchange and evolution across borders has 

shaped the virosphere we see today. Although plasmids also replicate inde-

pendently, they are for the most part grouped firmly within the non-viral 

MGEs, although traces of large-scale recombination and gene-exchange 

clearly connect viruses and plasmids. The ancestry of some viral lineages 

can be traced to the replication initiation proteins of bacterial plasmids 

(Krupovič, 2013; Koonin et al., 2015), and the opposite evolution from DNA 

viruses to plasmids in red algae and plant pathogens has also been demon-

strated (Kazlauskas et al., 2019). Increasing knowledge on the connections 

between plasmids and viruses will help us to better determine the position 

that pR1SE and PVs occupy within the broader replicator space. 

 

The most famous example of direct plasmid and virus interaction is molecular 

piracy where satellite MGEs (including plasmids) hijack the capsid of a helper 

virus for their own dissemination (Briani et al., 2001; Desnues et al., 2012; 

Lossouarn et al., 2015; Dokland, 2019). In the case of phage-inducible chro-

mosomal islands, the MGE is specifically integrated in the host genome but 

excises during the infection of the helper virus (Ruzin et al., 2001; Penadés 

& Christie, 2015; Fillol-Salom et al., 2018; Humphrey et al., 2021). In Vibrio 

cholerae island-like elements have been incorporated into the host immune 

defence against phages (O'Hara et al., 2017; O’Hara et al., 2022). Recent 

work has shown that some phage-inducible chromosomal islands’ encode 
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their own capsids but acquire the phage tails from helper phages with no 

apparent cost to the helper (Alqurainy et al., 2023). 

 

In bacteria, temperate phages are able to recombine with plasmids into a 

hybrid form, sometimes called ‘phage-plasmids’ (Pfeifer et al., 2021). The 

first P-Ps were isolated as either linear or circular free plasmids, which could 

transfer both horizontally and vertically (Łobocka et al., 2004; Gilcrease & 

Casjens, 2018; Ravin, 2011). Several characterized P-Ps encode both viral 

proteins incl. major capsid proteins and hallmark plasmid genes (Arbing et 

al., 2010; Hwang et al., 2013; Cruz et al., 2014; Pfeifer et al., 2022). Large-

scale homologous recombination and transposon mediated gene transfer 

with plasmids and phages has shaped the composition of P-Ps (Pfeifer & 

Rocha, 2023). Some bacterial plasmids appear to have developed out of P-

Ps (Kidgell et al., 2002; Octavia et al., 2015; Zhou et al., 2018) but the oppo-

site evolution of a P-P into a functional phage by the loss of plasmid charac-

teristics has not been described. 

 

To the best of my knowledge, no virus-plasmids hybrids similar to the P-Ps 

of bacteria have been identified in archaea so far. Large-scale gene ex-

change between archaeal viruses and plasmids has been noted, mainly of 

putative replication or DNA binding proteins which connect archaeal viruses 

to closely related plasmids [see Iranzo et al. (2016) and references therein]. 

In archaea, the two viral satellites pSSVi and pSSVx are present either inte-

grated or in plasmid form in their Sulfolobales hosts (Contursi et al., 2014). 

They cannot disseminate themselves as they lack any structural protein 

genes and require infection with a fusellovirus, either SSV1 or SSV2, for dis-

semination in small spindle-shaped virions (Arnold et al., 1999; Y. Wang et 

al., 2007; Ren et al., 2013; Contursi et al., 2014). As they encode their own 

distinct replication modules, Koonin et al. (2021) placed them at the outer 

border of the perivirosphere of virus-like elements. Defective proviruses in 
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plasmid form have also been identified in hyperthermophilic archaea 

(Bernick et al., 2012; Gaudin et al., 2013; Gaudin et al., 2014). Both plasmids 

contain viral proteins and the pTN3 plasmid from Thermococcus is trans-

ferred by vesiduction along with other regular plasmids (Soler et al., 2008, 

Gaudin et al., 2013; Gaudin et al., 2014). Unlike PVs, these transporting EVs 

are morphologically indistinguishable from other EVs and do not contain any 

plasmid or provirus encoded proteins. Although these archaeal viruses 

clearly have some plasmid–like characteristics, they retain their virus identity 

much more than the P-Ps described in bacteria. It may be that archaeal P-

Ps have simply not been discovered yet although the fact archaeal viruses 

form distinct groups separate from other viruses suggests the possibility that 

there might be a barrier to ‘virus-plasmid’ development in archaea. 

 

The recently discovered ‘Borgs’, new archaeal MGEs identified based on se-

quences and associated with uncultivated anaerobic methane oxidizing ar-

chaea (Al-Shayeb et al., 2022; Schoelmerich et al., 2023a; Schoelmerich et 

al., 2023b), could be candidates for such virus-plasmid fusions in archaea. 

Borgs are large (≤ 1 Mb) linear dsDNA MGEs with shared evolutionary origin 

but variable gene content including key metabolic genes of their Methanop-

eredens hosts which suggests a role for them as gene reservoirs and gene 

transfer agents for their hosts (Al-Shayeb et al., 2022; Schoelmerich et al., 

2023a). No canonical plasmid genes have been identified in the published 

Borg sequences but many genes appear to have viral relatives or structural 

similarities to viral proteins (Schoelmerich et al., 2023a). It is not clear how 

these Borgs are associated with their Methanoperedens hosts, neither re-

garding host-specificity nor regarding possible modes of transfer between 

cells. There is no clear evidence that Borgs could exist in the extracellular 

space yet, apart from encoding individual proteins with structural similarity to 

viral capsid proteins. The authors speculate that Borgs might exist extracel-

lularly, protected by some kind of encapsulating structure. Borgs showed 
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high copy numbers (average 8.8 to 1) compared to host genomes in the en-

vironment, which the authors state would be unusual for a stable intracellular 

interaction (Schoelmerich et al., 2023a). However, as previous work on con-

jugative plasmids in Sulfolobus strains (Schleper et al., 1995; Prangishvili et 

al., 1998; Erauso et al., 2006), and our results for the pR1SE plasmid show, 

it is not unusual for large (~ 25 to 50 kB) archaeal plasmids to exist with copy 

numbers well above 10 intracellularly. Therefore, high intracellular copy num-

bers for Borgs should not be discounted as a possibility simply based on their 

size (~ 1 Mb), if they are highly mobile MGEs in the Methanoperedens pop-

ulation. We do not know yet know enough to clearly characterize the Borg 

and Methano-peredens interaction and to which way the evolution might be 

pointing, towards evolution into a more selfish virus-like MGE, or towards 

subjugation into the pangenome of the host. 

 

In contrast to the Borgs, the pR1SE plasmid does not encode any homo-

logues to known viral genes [Erdmann et al. (2017) and personal communi-

cation by D. Lücking] apart from its phage-like integrase. However, viral-like 

integrases have been identified in many archaeal plasmids (Peng, 2008; 

Forterre et al., 2015; H. Wang et al., 2015; Badel et al., 2021), and all ar-

chaeal tyrosine recombinases share a conserved Phage_integrase domain 

[Pfam PF00589, Badel et al. (2021)]. Therefore, this gene is not in itself an 

indicator for virus ancestry. It is possible that any viral ancestors of pR1SE 

have not yet been identified and that this plasmid might present a ‘Franken-

stein’ hybrid of virus and plasmid-derived genes and an analogue to bacterial 

phage-plasmids after all. The life cycle of pR1SE is clearly virus-like and 

goes beyond what has been described for transfer of plasmids by vesiduction 

before (Soler & Forterre, 2020). In the absence of concrete evidence for any 

virus origin of pR1SE, the simplest explanation is that pR1SE has evolved 

out of archaeal plasmids.  
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pR1SE or its ancestors could originally have been helper plasmids that were 

incorporated into the anti-virus defence of their hosts, similar to the systems 

seen in V. cholerae. Since pR1SE or its ancestors would have closely inter-

acted with viruses in this process, fusion or acquisition of virus genes might 

have started the evolution towards more selfish replication and dissemina-

tion that we see in pR1SE today. In the laboratory, established pR1SE infec-

tion does prevent infection with the known lytic tailed virus of Hrr. lacuspro-

fundi (unpublished data) and co-infection assays with un-infected host cells 

might also show us exclusionary effects between pR1SE and viruses.  

Scenarios for the future evolution of pR1SE & PVs in their native 

environment 

Hypotheses for the origin of viruses can be divided into three distinct scenar-

ios, which were recounted in detail in the Introduction of this thesis. Krupovič 

et al. (2019a) proposed a chimeric scenario in which primordial selfish repli-

cons acquired cellular proteins to form their virions and state that new groups 

of viruses likely emerged repeatedly of the history of life. This seems to me 

currently as the most likely scenario for the evolution of viruses. In the origi-

nal publication, the pR1SE mechanism of DNA transfer was described as a 

potential precursor to virus propagation (Erdmann et al., 2017), but is this the 

only path that pR1SE and PV evolution could follow? 

 

We have not been able to infect other haloarchaea with PVs in the laboratory, 

but analysis of host-derived regions in the variable region 3 of the plasmid 

has identified regions with matches on genomes of other haloarchaea in dif-

ferent versions of the plasmid suggesting a broader host range for PVs in the 

environment (Erdmann et al., 2017). Incorporation of host DNA into the 

pR1SE plasmid is likely facilitated through integration and excision from host 

chromosomes. Therefore, we can propose that pR1SE may play a role in 

horizontal gene transfer between Hrr. lacusprofundi and other haloarchaea. 
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We know that these Antarctic haloarchaea engage in large-scale gene ex-

change across species and genera and pR1SE could be one of the transfer 

agents along with viruses (DeMaere et al., 2013; Williams et al., 2014; 

Tschitschko et al., 2015; Erdmann et al., 2017; Tschitschko et al., 2018). In 

that case, PVs would probably be advantageous for the transfer of larger 

genomic regions compared to virions since they are likely less limited in size.  

The same principle would apply to EVs but we do not see abundant packag-

ing of cellular DNA into EVs of Hrr. lacusprofundi. This suggests that gene 

exchange via PVs could provide evolutionary advantages for the host organ-

isms compared to classical vesiduction. However, the advantages of using 

PVs compared to large-scale DNA exchange by mating between cells are 

not clear yet, particularly considering the more ‘selfish’ replication and dis-

semination of PVs. 

In pure cultures of Hrr. lacusprofundi, pR1SE would presumably be much 

less useful as a tool for gene transfer than it would be even in e.g., mixed 

incubations of different Hrr. lacusprofundi strains. Would we see a shutdown 

of PV production as pR1SE enters a ‘lysogenic’ state or even loss of the 

plasmid in incubations of pure cultures under optimal conditions for the host 

over evolutionary time-scales? Under these circumstances, we could image 

that pR1SE would be incorporated into the genome in a state similar to de-

fective provirus. Individual genes or the entire plasmid could then be re-di-

rected towards host functions in a similar process to virus exaptation i.e. the 

seizure of viruses and virus genes for host functions (Koonin & Krupovič, 

2018). The most prominent examples for this phenomenon are the gene-

transfer-agents that package and transmit host DNA in their capsids (Bertani 

& Baresi, 1987; Lang et al., 2012; Lang et al., 2017). 

 

Alternatively, the trajectory of pR1SE and PVs in their natural environment 

could point towards evolution into genuine viruses following previous pat-

terns of virus evolution out of plasmids (Krupovič, 2013; Koonin et al., 2015). 
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We think that pR1SE uses both its own replication proteins and likely directs 

the host DNA replication machinery towards itself. This provides the right 

conditions for more selfish re-direction of host resources towards pR1SE 

replication and PV production in a virus-like manner. Since PVs efficiently 

package the pR1SE with only low levels of host DNA, the plasmid DNA must 

be specifically recognized and packaged by proteins, although we do not 

currently know their identity. We know that pR1SE encodes proteins that 

likely form part of the PV coat although the structures and coat complex com-

ponents have not been identified by e.g., cryo-electron microscopy yet. We 

also know that PVs contain a number of host proteins, whether by passive 

uptake of membrane proteins or through hijacking of/or dependence on the 

EV formation machinery. PVs are not virions per definition, since they do not 

contain viral genomes, but PVs may recruit other cellular proteins to modify 

their vesicle coat complex to increase infection efficiency over subsequent 

evolution. There is no certainty in predicting evolutionary outcomes in a com-

plicated system with multiple factors the only thing that we can do is keep 

analysing PVs and their host interactions in their current state. 

Concluding Remarks 

Even with continued expansion of diversity in the archaeal MGE space, 

pR1SE and its transmission by PVs still exhibit a unique set of characteris-

tics. The plasmid encodes its own putative transfer machinery like a conju-

gative plasmid but the mode of dissemination shows clear similarities to vi-

ruses. The interaction between pR1SE and its host Hrr. lacusprofundi ap-

pears to be commensal if not mutually beneficial for both partners. pR1SE 

likely expands the pan genome of Hrr. lacusprofundi and could facilitate hor-

izontal gene transfer between haloarchaea. We have the rare opportunity to 

study the interactions of PVs with their host under laboratory conditions and 

put our results into context within broader conversations about the origin and 

evolution of viruses. We do not currently know of any other producers of 
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plasmid vesicles apart from pR1SE and its host Hrr. lacusprofundi, but iden-

tification is ongoing. Therefore, we do not yet know if this specific mechanism 

of DNA transfer has only arisen in a very specific ecological niche or could 

be found in microbial communities worldwide. Looking at recent advances in 

our understanding of virus evolution, I strongly suspect that pR1SE is not 

singular; other PV-like elements are most likely out there waiting to be iden-

tified. 

 

Studying this system came with its own challenges. Outside of pre-estab-

lished model systems in haloarchaea we had to overcome many obstacles 

in our characterization of PVs and their host interactions. I am sure that we 

have only scratched the surface on what there is to discover about this sys-

tem. One major unknown is the composition of the PV coat complex and 

identification of the proteins that mediate attachment and fusion with the host 

across the S-layer barrier. We also had to make concessions to study the 

PV-host interactions in the laboratory mainly by using pure cultures of the 

host and growth of the host at much higher temperatures than would be nat-

urally found in the hypersaline lakes from which they were isolated. Then 

again, this unique system would not have been discovered in the first place 

if we only stayed on well-trodden paths and extrapolated from model sys-

tems.  

 

As we continue to explore the diversity of viruses and virus-like elements in 

all domains of life, it is becoming apparent that we cannot think of viruses 

simply as selfish parasites. The co-evolution between the virosphere and 

cellular life is complex and, in many ways, made current life on earth possible 

in the first place. Natural phenomena resist easy categorization; it is good for 

us as scientists to remember that and to look at the natural environment with 

an open mind.  
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