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“The eye of a human being is a microscope,
which makes the world seem bigger than it really is.”

(Khalil Gibran)

“Ravioli, ravioli. Give me the formuoli.”
(Spongebob Schwammkopf)

“Life is like a box of chocolates,

you never know what you're going to get.”

(Robert Zemeckis / Forrest Gump)

(The latter can also be transferred to imaging ©)
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1. Abstract

I. Abstract

Viruses are ubiquitous and are important microbial predators that not only influence
global biogeochemical cycles but also drive microbial evolution. Moreover, viruses cause
significant mortality in prokaryotic communities, can modify the host diversity and
abundance, but also alter the genetic content of their hosts via horizontal gene transfer or by
expression of viral-encoded genes during viral infection. However, little is known about the
role of viruses in the deep terrestrial subsurface that contains a large reservoir of organic
carbon and hosts a large fraction of all microbes on Earth. Compared to various investigations
focusing on the bacterial diversity, studies on archaea in the deep terrestrial subsurface are
very limited. Culture-independent methods such as metagenomics have shown that, archaea
like Candidatus Altiarchaeca can dominate this difficult to access ecosystem. Due to the
limitations of conventional culture techniques, the microbial distribution, and the interaction
of microorganisms with, e.g., viruses living in such an ecosystem, remain poorly understood.
Studying viral infections can bolster our understanding in terms of the spatial and temporal
distribution of viruses, the effects on the overall community composition, the microbial
diversity, nutrient cycling, and carbon cycling in the deep biosphere.

The overarching objective of this study was to broaden the current knowledge on Ca.
Altiarchaea and their microbial interactions within the deep subsurface. More specifically,
this study focused on one specific sulfidic spring called the “Muehlbacher Schwefelquelle
Isling (MSI)” located in Regensburg (Germany), that has been shown to harbor almost pure
biofilms consisting of up to 95% of Candidatus Altiarchaeum hamiconexum (Ca. A.
hamiconexum), a primary producer of the deep subsurface.

In this thesis, I report on one specific virus (here “Altivir 1 MSI”) hijacking Ca. A.
hamiconexum and its respective viral lifestyle. This microbial “relationship” remained so far
unexplored. Metagenomics coupled with fluorescence in situ hybridization (here
“virusFISH”) enabled the investigation of this specific virus-host system in the deep
subsurface. Moreover, this dissertation is the first one focusing on virus-host dynamics by
using virusFISH in this rather difficult to access ecosystem at single-cell level. Analysis of the
different infection stages using fluorescence microscopy revealed initial infections, advanced
infections, as well as cell lysis of Ca. A. hamiconexum cells with the release of new virions.

Through this linkage and the resulting stages of infection, a first indication of a lytic
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1. Abstract

replication cycle of Altivir 1 MSI was received. In addition, the virusFISH results evidenced
a stable virus-host relationship over four years.

Furthermore, it can be assumed that this lytic virus might jump-start heterotrophic
carbon cycling in this ecosystem by acting as a potential top-down and bottom-up controller.
By having different virusFISH images at hand, an accumulation of sulfate-reducing bacteria
on spots where a successful lysis event of Ca. A. hamiconexum cells occurred, was observed.
Through a constant viral lysis of the primary producer, this “microbial loop” of the deep
subsurface seems to be activated by a release of possible nutrients that other microbes like
sulfate-reducing bacteria can utilize.

Overall, the results and findings of these investigations that make up this thesis, have
contributed significantly to today’s understanding of the interactions between archaeal viruses
and their hosts, and their role in the deep subsurface. At the same time, this thesis is one of the
first examples that showed how well these microbial interactions can be investigated by using

today’s current state-of-the-art-techniques in an ecosystem that is difficult to access.
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II. General Introduction

II. General Introduction

1. Around the world — Prokaryotes and their distribution in the deep subsurface

Prokaryotes (bacteria and archaea) — the most ancient and most widespread forms of
life on Earth represent not only an essential component of the Earth’s biota, but also a large
portion of life’s genetic diversity (Whitman et al. 1998). They can be found in nearly all
environments due to diverse metabolic processes and are responsible in many biogeochemical
cycles, such as nitrogen and carbon cycles (Whitman et al. 1998). Microbial life depends on
the constant supply of available nutrients (serving as electron donors and acceptors) that need
to be constantly recycled, e.g., by prokaryotes. Whitman and co-workers (1998) attempted to
make a first estimation of the total prokaryotic number on Earth with 4-6x10°° prokaryotic
cells (Whitman et al. 1998). Most of Earth’s prokaryotes, however, occur in the ‘big five’
habitats, i.e., the open ocean (1x10%°), upper oceanic sediments (5x10?%), deep oceanic
subsurface (4x10%°), soil (3x10%°), and deep continental subsurface (3x10%°) (see Figure II.1,
Flemming and Wuertz 2019). However, quantification of Earth’s prokaryotic biota, especially
for the deep biosphere, remains extremely challenging in terms of, e.g., the difficulty to obtain

uncontaminated samples or the colonization of cells to surfaces (Flemming and Wuertz 2019).

Major habitats Total bacterial and Minor habitats
archaeal cell numbers * Groundwater: 5x10?
on Earth: * Phyllosphere: 2 x10%
~1x10%* * Cattle: 4x10**

* Termites: 6x107*
* Pigs: 7x10%

* Humans: 4x10%

* Sea surface layer: 2x10%
* Atmosphere: 5x10%

e Etc.

Deep continental subsurface: 3 x 10%°

Upper oceanic sediment: 5 x 10%*

Deep oceanic subsurface: 4 x 10%°

Figure II.1: Bacterial and archaeal abundances in the ‘big five’ habitats on Earth (taken from Flemming and
Wuertz 2019).
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II. General Introduction

Not every subsurface microbial habitat is yet explored and fully investigated. Today’s
understanding of microbial diversity and distribution patterns is still at an early stage,
especially for the deep subsurface, as it has been assumed for the past 30 years that life is a
surface phenomenon and that even active microbes are unable to live deeper than ten meters
below the surface (Reith 2011). Today we know that life in the deep subsurface can be found
down to a depth of 4,850 m and at temperatures up to 137°C (Beulig et al. 2022; Dai et al.
2021), however, the microbial abundance and diversity is decreasing with depth, a trend that
was later also confirmed for, e.g., archaeal viruses (Kyle et al. 2008).

It is not surprising that the microbial ecology of the deep biosphere has received
increased research attention over the last two decades (Dai et al. 2021; D’Hondt et al. 2004;
Fredrickson et al. 1995; Krumholz et al. 1997; Whitman et al. 1998) because the deep
subsurface is ubiquitous and comprises ~12-20% of the total biomass of microorganisms on
Earth (Fry et al. 2008; Kallmeyer et al. 2012; Magnabosco et al. 2018). Furthermore, this
ecosystem includes a variety of subsurface habitats, e.g., terrestrial deep aquifer systems or
mines, marine sediments, deeply buried hydrocarbon reservoirs or the basaltic ocean crust
(Teske et al. 2013). However, this barely studied ecosystem harbors by far the largest
reservoir of organic carbon on Earth (Bar-On et al. 2018) with a yet uncharacterized microbial
diversity, the so-called “microbial dark matter” (Rinke et al. 2013). Well adapted to the
relatively stable subsurface environmental conditions with continuous darkness, anaerobic
conditions, high pressure, limited energy and nutrient availability (Escudero et al. 2018),
subsurface prokaryotes have developed “surviving strategies” for dealing with these
conditions, albeit with a resulting slower metabolic activity (Jergensen 2011). Due to the
complex behavior in the microbial metabolism, it is still a major challenge to quantify, e.g.,
microbial activity in subsurface environments for understanding their role in global
biogeochemical cycles. The rate of microbial activity in subsurface seems to be several orders
of magnitude lower than in surface environments, indicating that the energy flux and the
availability of nutrients are one of the main limiting factors for microbial growth besides the
other above mentioned abiotic factors (Chapelle and Lovley 1990; Miettinen et al. 2018;
Parkes et al. 2000; Phelps et al. 1994; Wang et al. 2018). Miettinen and co-workers (2018)
assumed that acetate and hydrogen (H:) are key factors limiting the microbial metabolic
activity in, e.g., deep subsurface groundwaters (Miettinen et al. 2018). In many deep
subsurface habitats, e.g., deep aquifers or igneous-rock aquifers, acetate (e.g., produced from

carbon dioxide, CO», a possible carbon source) and hydrogen serve as energy source for
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II. General Introduction

subsurface microbes indicating that autotrophic acetogenesis, methanogenesis, anaerobic
methane oxidation, or sulfate reduction are thought to be relevant processes in the deep
subsurface (Kotelnikova and Pedersen 1997; Stevens and McKinley 1995).

Since the deep biosphere is considered as the most energy limited ecosystem, the
energy-conserving reductive acetyl-CoA (Wood-Ljungdahl) pathway is recognized as a key
carbon fixation route in this special ecosystem (Momper et al. 2017; Probst et al. 2018;
Stevens 1997). The study of Magnabosco et al. (2016) showed that this pathway occurs also
at a depth of 3 km and was reported for a deep fracture fluid system accessed via the Tau
Tona gold mine (Witwatersrand Basin, South Africa) (Magnabosco et al. 2016). However, the
energy flux in some deep subsurface environments is so low (Jones et al. 2018) that microbes
are forced to stop their growth and could enter, e.g., into dormancy states for coping with
perpetual energy limitation (Jones et al. 2018; Jorgensen 2011). Dormancy can preserve
microbial diversity and is thought to be widespread among the subsurface biosphere (Jones et
al. 2018; Jorgensen and Marshall 2016). Some techniques, like traditional metagenomic
analyses cannot distinguish between active, dormant or dead microbes (Burkert et al. 2019),
however, targeting and quantifying their ribosomes, a component of all living and active cells
that is rapidly degraded upon their death (Davis et al. 1986), can be detected via fluorescence
in situ hybridization (FISH) for identifying their “status” in the subsurface (Schippers et al.
2005) but also with other cell count methods, such as acridine orange direct counts (AODC)
(Teske 2005). Besides this, more than 99% of bacterial and archaeal species have not been
cultivated so far (Jiao et al. 2021), not only because of their microbial “status quo” (active/
dormant/ or dead) but also due to the limitations of conventional culture techniques or to the
difficulty of sampling of such difficult to access environments. In addition, our ability to
discover the full depth of the deep subsurface is currently hindered by technical issues to
reach high depths (> 4 km), while providing sufficiently clean samples by avoiding any
contaminations (Wilkins et al. 2014). It must also be recognized that accessing the deep
biosphere is not completely without interactions from surface environments. For instance, the
terrestrial subsurface is geological influenced by surface microbes that can transport not only
nutrients, but also biomass from the surface to the subsurface biosphere. Several studies were
conducted on, e.g., the Aspd Hard Rock Laboratory (Sweden) located in an 1800-million-
year-old Fennoscandian Shield bedrock that contains fractures bearing groundwaters of
varying characteristics dependent on the connectivity to the surface, showing that surface

microbes can infiltrate the microbiome of the deep biosphere (Holmfeldt et al. 2021; Hubalek
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II. General Introduction

et al. 2016; Mathurin et al. 2012; Westmeijer et al. 2022). These numerous challenges that are
involved in isolating and culturing deep subsurface microbes makes it difficult to actually
characterize in situ subsurface microbial communities.

However, all studies on the deep biosphere conducted so far suggest that this
ecosystem is microbial active and equally important for global biogeochemical cycles like,

e.g., surface environments.

1.1 Prokaryotic predators — Viruses

Despite the ecological and biogeochemical importance of prokaryotes in the deep
biosphere, there is little information about their mortality and the regulation of their turnover.
A potential cause of microbial mortality is viral lysis of their prokaryotic hosts, hence
affecting benthic microbial processes and nutrient cycling within ecosystems (Danovaro et al.
2008; Fuhrman 1999; Suttle 2007, 1999; Weinbauer 2004). Viruses do not have their own
metabolism and are found to be ubiquitous in every ecosystem studied to date, including the
deep biosphere. Since viruses are depended on their hosts for completing their cycle of
reproduction, either by lysing their hosts or by integrating viral genes into the host’s genome
without killing their hosts, viruses are suggested to act as a potential vector for horizontal
gene transfer (HGT) by facilitating hosts manipulation and viral resistance (Irwin et al. 2021).
In addition, HGT is hypothesized to be a major driver for prokaryotic evolution (Hall et al.
2020).

Viruses occur widespread with abundances that can sometimes exceeds the numbers
of their bacterial or archaeal hosts as reported for, e.g., the deep sub-seafloor (Anderson et al.
2013; Engelhardt et al. 2014; Middelboe et al. 2011). Moreover, any variations in the viral
and/ or prokaryotic numbers has effects also on the carbon content in the respective
ecosystem (Engelhardt et al. 2014). Given the fact that counting environmental viruses and/ or
their respective hosts represents a major challenge, a certain degree of uncertainty in these
numbers still exist. It was estimated for, e.g., deep sea ecosystems that ~0.37—0.63 gigatons of
carbon (GtC) per year on a global scale are released through viral infections, a result that
could indicate that viruses are essential key players in ecosystem’s functioning (Danovaro et
al. 2008; Gao et al. 2022). By killing their hosts, viruses convert organic matter from biomass
to the pool of dissolved (DOM) and particulate organic matter (POM) (Proctor and Fuhrman
1992). This “viral shunt” has the effect of stimulating bacterial growth by providing a source

of organic matter for their respiration (Suttle 2007). Thus, the viral shunt can mediate a
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II. General Introduction

shuttle of organic carbon from autotrophic to heterotrophic microbial communities in the deep
subsurface that are key microorganisms responsible for decomposition of dissolved organic
carbon (DOC) and constitute a critical component in the so-called “microbial loop” (Fuhrman
1999; Suttle 2005). Thus, viruses control the host community composition in terms of nutrient
availability by bottom-up processes and host abundance by lysis events (top-down)
(Storesund et al. 2015).

However, the impact of the viral shunt on the deep biosphere depends on virus-to-cell
ratios (Anderson et al. 2013). The virus-to-cell ratios or also termed as “virus-to-prokaryote
ratio (VPR)” can vary according to depth and location (Danovaro et al. 2008; Kyle et al.
2008), resulting in difficulties in terms of calculating the overall impact of viruses on
prokaryotic mortality in the deep subsurface (Anderson et al. 2013). Generally, it is
considered that the viral abundance decreases with increasing depth by following the trend of
prokaryotic abundance (Kyle et al. 2008; Middelboe et al. 2011), however, a study on, e.g,,
deep sub-seafloor sediments showed the opposite (VPR increase with depth, Engelhardt et al.
2013). Another aspect is the predominant viral life cycle. The viral life cycles can be lytic,
lysogenic or pseudolysogenic, but can also show chronic infections (reviewed in Weinbauer
2004). For instance, a high VPR in an ecosystem can be an indicator for an ongoing lytic viral
process in contrast to lysogenic viruses (Parikka et al. 2017). During the lytic cycle of viral
replication, viruses hijack the host's metabolic machinery, degrade the host chromosome, and
release virions upon cell lysis (Méntynen et al. 2021). For instance, ecosystems with a higher
prokaryotic abundance would support a higher trend for lytic viral production (Rowe et al.
2008; Winget et al. 2011) by following the well-known “kill-the-winner” model, indicating
that viruses prefer to lyse the most abundant organism and modify hosts diversity (Thingstad
and Lignell 1997; Thingstad 2000). Estimates show that viral lysis removes approximately
20-40% of prokaryotic biomass, e.g., in the ocean daily (Suttle 2007).

Besides lytic events, some viruses, e.g., temperate phages/ viruses, can enter into a
lysogenic state, if a low hosts abundance is given (<10° cells mL!), by integrating their
genome into the host chromosome to become a prophage (Breitbart 2012; Brum et al. 2015;
Paul 2008; Payet and Suttle 2013; Weinbauer 2004; Wommack and Colwell 2000). The virus
persists in a “dormant state” until conditions favor their reactivation or persist as a plasmid
and does not promote cell death due lysis or the production of virions as in the lytic cycle
(Refardt 2011). Lysogeny has been previously hypothesized to be a preferable “survival
strategy” for viruses, e.g., in the deep subsurface (Anderson et al. 2013; Engelhardt et al.
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2011). Recently, the newly proposed “piggyback-the-winner” model suggest that lysogeny
would also be favored with a high microbial abundance (Chen et al. 2019b; Coutinho et al.
2017; Knowles et al. 2016). However, this model postulates that a high host abundance would
favor a switch to the lysogenic life cycle (Silveira and Rohwer 2016). Viruses can switch
between lysogenic to lytic or lytic to lysogenic, when stressful conditions appear (e.g., DNA
damage, temperature, pH change, cell density, phage density, nutrient availability etc. (Makky
et al. 2021), the latter transition being less studied (Paul 2008; Williamson et al. 2002; Zhen et
al. 2019). Both the lytic and the lysogenic cycles are present in all domains of life, eukarya,
bacteria, and archaea (reviewed in Wirth and Young 2022). Another but less common viral
life cycle is pseudolysogeny, in which the viral genome resides in an unstable, inactive state
within its host and fails to replicate as in lytic production or to become a prophage as in the
lysogenic state (Lo$ and Wegrzyn 2012). Pseudolysogeny seems to play an important role in
the long-term survival of viruses in nutrient-deprived environments (Ripp and Miller 1997),
and was studied, e.g., for the marine environment (Williamson et al. 2001) or freshwater lakes
(Ripp and Miller 1997). Moreover, pseudolysogeny is most common where a constant
production of phage in the presence of high host cell abundance is given (Ripp and Miller
1997; Williamson et al. 2001). Unlike lytic, lysogenic, and pseudolysogenic cycles, chronic
infection leads to continuous virion production without lysis of the prokaryotic cell that was
mainly reported for filamentous phages (reviewed in Méntynen et al. 2021). Today we know
that archaeal viruses can also cause chronic infections, e.g., members of the Fuselloviridae
family (e.g., viruses of Sulfolobus, Xiang et al. 2005), or viruses of Haloarchaea (reviewed in
Luk et al. 2014). For instance, a recent study on Haloferax volcanii pleomorphic virus 1
(HFPV-1) showed chronic infections on the model organism haloarchacon Haloferax volcanii
DS2 with a constant release of virions by using electron microscopy (Alarcon-Schumacher et

al. 2022).

1.1.1 Unique, special, exceptional — A focus on archaeal viruses

Similar to members of the other two domains of life, archaea are also being infected
by viruses that sometimes show distinct and special virion morphologies, many of which have
never been reported for viruses infecting bacteria or eukaryotes (Krupovic et al. 2018;
Prangishvili et al. 2017; Wirth and Young 2020). The majority of archaeal viruses show
bottle-shaped, spindle-shaped, droplet-shaped, or fusiform morphologies (Prangishvili et al.

2006a). Additionally, archaeal viruses are divided into archaea specific viruses and
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cosmopolitan viruses (Krupovic et al. 2018), whereby only cosmopolitan viruses possess
structural and genetic features that are similar to those of bacterial and eukaryotic viruses
(Iranzo et al. 2016; Krupovic et al. 2018). The first study on archaeal viruses was conducted
in the 1980s by Wolfram Zillig and co-workers (Janekovic et al. 1983). Today, 40 years later,
117 known archaeal viruses have been isolated so far (reviewed in Dellas et al. 2014) from in
total 6,300 viral isolates that infect also other prokaryotes. These approximately 1.85% of
isolated archaeal viruses include viruses infecting, e.g., hyperthermophiles and
hyperhalophiles of the phyla Crenarchaeaota and Euryarcheaota (Luk et al. 2014;
Prangishvili et al. 2017), but also methanogens (Pfister et al. 1998; Thiroux et al. 2021;
Weidenbach et al. 2017; Wolf et al. 2019) and Thaumarchaea (Ahlgren et al. 2019; Chow et
al. 2015; Danovaro et al. 2016; Kim et al. 2019; Krupovic et al. 2011b, 2019). Compared to
extreme environments like hot springs, highly saline environments or hydrothermal vents, the
number of archaeal viruses in mesophilic environments is still significantly lower, which
could be due to the difficulty of culturing many of their microbial hosts (Munson-McGee et
al. 2018).

Based on their diverse virion morphologies and genomic properties, archaeal viruses
are currently classified into 17 families including members of the Ampullaviridae,
Spiraviridae, Fuselloviridae, Rudiviridae, Clavaviridae, Myoviridae, etc. (Prangishvili et al.
2017). The majority of isolated archaeal viruses have linear or circular double stranded (ds)
DNA genomes, but also single stranded (ss) DNA genomes were described (Mochizuki et al.
2012; Pietild et al. 2010, 2009). To date, no archaeal RNA virus has been isolated so far, only
detected via metagenomics (Bolduc et al. 2012). However, the number of archaeal viruses and
their families will increase as more archaeal viruses are being discovered and characterized.

Special about archaeal viruses compared to those of bacterial viruses are the unique
egress mechanisms that are, however, relatively unexplored. Most of these studies are
focusing on viruses infecting archaea from the genus Sulfolobales. For instance, the formation
of, e.g., large pyramidal structures (virus-associated pyramids, VAPs) on the host cell surface
were reported for viruses belonging to Rudiviridae (Sulfolobus islandicus rod-shaped virus 2,
SIRV2, Bize et al. 2009), Turriviridae (Sulfolobus turreted icosahedral virus 1, STIVI,
Brumfield et al. 2009), and Ovaliviridae (Sulfolobus ellipsoid virus 1, SEV1, Wang et al.
2018), all infecting hyperthermophilic or acidophilic archaea of Sulfolobales. Viral egress can
also be performed via “budding” by maintaining the host cell membrane and a constant virion

production without causing cell lysis. This egress mechanisms were described for
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pleomorphic archaeal viruses of the family Pleolipoviridae isolated from halophilic archaeal
strains belonging to the genera Halorubrum, Haloarcula, Halogeometricum, and Natrinema
of the class Halobacteria (Demina and Oksanen 2020; Pietild et al. 2009, 2010, 2012), but
also for, e.g., the spindle-shaped virus SSV1 from the family Fuselloviridae, infecting the
hyperthermophilic members of the order Sulfolobales (Krupovic et al. 2014). These viral
egress mechanisms remain exceptional for the domain archaea.

Currently, knowledge about virus-host interactions in archaea remains highly
fragmented because most of the studies focusing on enrichment cultures. It is even more

limited when it comes to viruses infecting, e.g., archaeal biofilms in ecosystems.

2. Sticking and living together — Biofilms

Prokaryotes alternate between two modes of growth, a unicellular life phase, in which
the cells are planktonic (free-swimming), and a multicellular life phase, in which the cells are
sessile and live in a so-called “biofilm”. Generally, it has been estimated that 40-80% of the
microbial cells on our planet reside in biofilms (Flemming and Wuertz 2019), however,
factors controlling biofilm formation are poorly understood, especially for the deep
subsurface. The term “biofilm” can be defined as heterogeneous structures comprising
different microbial populations surrounded by a self-produced matrix (extracellular polymeric
substances, EPS) that allows their attachment to each other and/ or to surfaces (Flemming and
Wuertz 2019; Penesyan et al. 2021). Interactions among microbes that populate within a
biofilm together with their protective EPS against environmental stressors, make these
communities more robust than planktonic prokaryotes. In addition, the sticky EPS comprises
97% water, 2-5% microbial cells, 1-2% polysaccharides, 1-2% proteins and 1-2% DNA and
RNA (Flemming and Wingender 2010; Sutherland 2001), holding their microbial inhabitants
together, in contrast to their free-living planktonic counterparts (Flemming and Wuertz
2019). Moreover, the EPS account for 50-90% of the total organic carbon of the biofilm
(Flemming 2016). The EPS composition determines important biofilm properties such as
strength, elasticity, sorption properties, porosity, density, water content, charge,
hydrophobicity, and mechanical stability (Flemming et al. 2007; Zhang and Bishop 2003). All
these properties help to form a robust shelter that offers a protected and nutrient-rich
ecological niche for the microbial survival (reviewed in Flemming et al. 2023). Thus, a
biofilm provides a dynamic environment, assuming that the microbial cells are viable and

metabolically active, which is also depending on their position in the biofilm matrix

22



II. General Introduction

(Sutherland et al. 2004). As mentioned previously, biofilms offer microorganisms the ability
to adhere on surfaces, which can be seen as a survival strategy under energy conservation
regarding the accumulation of nutrients on the biofilms (Flemming and Wingender 2010;
Flemming and Wuertz 2019). Moreover, living in a biofilm can have many (ecological)
advantages including genetic and metabolic exchange (e.g., via horizontal gene transfer), cell-
to-cell communication (e.g., through quorum sensing), a more efficient nutrient recycling,
protection against viral predation that is more depending on the gene expression patterns of
sessile active cells, motility, and stress tolerance (Donlan 2002; Flemming and Wingender
2010; Pires et al. 2021).

Biofilm formation involves several steps and can be seen as a cyclic process that is
divided into three distinct stages: attachment, maturation with active sessile cells forming cell
clusters (stage I), and microcolonies (stage II), and dispersion of cells from the biofilm to the
environment (stage III) (Figure I1.2). The first step in the biofilm development is the
adherence of prokaryotic cells to the surface through a reversible attachment via weak Van-
der-Waals forces or electrostatic interactions (Mohamed Zuki et al. 2021). The attached cells
proliferate and produce the EPS, in which microbial communication through biochemical
signals (e.g., for quorum sensing) and a genetic exchange is facilitated (Donlan 2002;
Flemming and Wingender 2010; Pires et al. 2021). During the irreversible attachment of cells
to the surface stronger hydrophilic/ hydrophobic interactions are developed through, e.g.,
flagella, pili, exopolysaccharides, lipopolysaccharides, etc. (Flemming and Wingender 2010;
Sauer et al. 2022; Yin et al. 2019), making a more stable cell cluster existence on the surface
(Donlan 2002; Flemming and Wingender 2010). In the stages of the biofilm maturation, a
spatial structuring of such cell clusters (Maturation I) occurs in all three dimensions, resulting
in so-called “microcolonies” (Maturation II) (Sauer et al. 2022). The three-dimensional
structure contains water channels for distributing nutrients and signaling molecules (e.g.,
acylated homoserine lactones, AHL) within the biofilm matrix (Sauer et al. 2022; Yin et al.
2019). In the dispersal stage, microcolonies undergo cell death and lysis along with an active
dispersal of motile cells and a degradation of the biofilm matrix components (Tolker-Nielsen
2015). The cells can be detached from the biofilm in clumps or as single, separated cells (Yin

et al. 2019). In general, a biofilm maintains an equilibrium between growth and dispersal.
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Figure IL.2: Stages of biofilm development: Reversible attachment, Irreversible attachment, Maturation I,
Maturation II, and Dispersal (adapted from Sauer et al. 2022).

During the biofilm life cycle, the EPS creates gradients for the emergence of
microenvironments with specific physical and chemical properties and allows different types
of microbes types an adaptation to that particular microenvironment (Penesyan et al. 2021).
Thus, biofilms are not only dynamic but also organized in terms of their microbial
community, which are composed of cells that are heterogeneous in space and time (Flemming
2016; Flemming and Wingender 2010; Penesyan et al. 2021). Heterogeneity in biofilms by
having cells with different metabolic capacities (called “mixed-species biofilm community or
multi-species biofilms”, Penesyan et al. 2021), leads to a cooperation and establishment of
gradients (electron acceptors and donors, redox conditions, etc.) within the biofilm (Flemming
2016). These features enable microbes to life in a specific niche within the biofilm based on
its physiology and functional profile (Joshi et al. 2021; Penesyan et al. 2021). For instance,
microbial species housing in microbial mats of shallow aquatic environments are organized
according to their metabolic and energetic properties (Penesyan et al. 2021). The uppermost
layers are dominated by aerobic photosynthetic organisms that are exposed to oxygen and
light, while the deeper layers are mainly composed of anaerobic microorganisms (Penesyan et
al. 2021). This phenomenon that multi-species biofilms are organized based on their microbial
needs and not always randomly distributed on a population scale, was also shown in
laboratory (Moller et al. 1998; Watnick and Kolter 2000). However, most species—species
interactions in biofilms can be negative since cells are competing with each other for space

and for a rapid nutrient uptake (resources). This competition can have the effect of a so-called
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“Amensalim”, where one population may produce compounds, such as acids, alcohols,
antibiotics, extracellular membrane vesicles, and bacteriocins into the environment by
affecting the growth of the other population (Berlanga and Guerrero 2016; Flemming 2016;
Hibbing et al. 2010), potentially leading to a reduction of the biofilm structure and adhesion
properties (Flemming 2016). Also, invaders like viruses can inhibit the biofilm formation by
degradation of the EPS matrix, thus promoting its active dispersal (Flemming 2016).

Overall, understanding the temporal and spatial heterogeneity of biofilms and studying
their invaders, and how all these aspects affect the evolution of social phenotypes is still at an
early stage. However, most insights were gained with less complex biofilm communities in

the laboratory by often neglecting these aspects (Flemming 2016).

2.1 Altiarchaeota and their friendly neighbors — A unique microbial community
within deep subsurface biofilms

As mentioned in the previous chapters, several studies have shown that most deep
subsurface microorganisms are likely surface-attached or live in biofilms (Flemming and
Wuertz 2019; Jiagevall et al. 2011; Magnabosco et al. 2018) like Ca. Altiarchaecum
(Henneberger et al. 2006; Probst et al. 2013, 2014a, 2014b; Probst and Moissl-Eichinger
2015; Rudolph et al. 2001, 2004; Bird et al. 2016). Ca. Altiarchacum (originally called the
SM1, Probst et al. 2014b) is globally distributed and can be found in anoxic environments
such as lake sediments, sulfidic aquifers, geothermal springs, deep sea sediments, mud
volcanoes, and hydrothermal vents as well as industrial settings and drilled wells (Probst et al.
2014b). Based on 16S rRNA gene sequence analysis and phylogenomics, Altiarchaeales
belong as uncultivated group of archaea to the Euryarchaeota phylum (Bird et al. 2016;
Rudolph et al. 2001), more precisely close to the methanogen origin, most probably as a sister
group to Methanococcales (Probst and Moissl-Eichinger 2015; Probst et al. 2014b). Special
about Ca. Altiarchaea is that they belong to biofilm-forming archaea (Bird et al. 2016) (Figure
I1.3, A-E) besides Sulfolobus sp. from hot springs (Brock et al. 1972; Suzuki et al. 2002;
Zillig et al. 1980), and uncultivated anaerobic methanotrophic (ANME) archaea from euxinic
basins (Michaelis et al. 2002) and represents one of the few examples of archaea with a
double cell membrane (Probst and Moissl-Eichinger 2015; Probst et al. 2014b). Moreover,
Altiarchaeales can be divided into two clades, Alti-1 and Alti-2 (Bird et al. 2016). Members
of Alti-1 and Alti-2 differ in their genomic characteristics and adaptations to different

environments (Bird et al. 2016). For example, Alti-1 members like Ca. Altiarchaecum
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hamiconexum, which is the most well-described representative of Altiarchaeales (Bird et al.
2016; Probst and Moissl-Eichinger 2015), have adaptations to form hooks and biofilms
(Figure 1.3, A-C), while Alti-2 residing in saline environments and have adaptations that
make them specialized for a free-living state in sulfidic, saline environments (Bird et al.
2016). Ca. Altiarchaecum was first described as a nearly monoclonal biofilm in a cold
terrestrial sulfidic spring called “Sippenauer Moor” (SM) in Regensburg (Germany) (Bird et
al. 2016; Moissl et al. 2002; Rudolph et al. 2001). Here, a whitish string of pearls community
was found, whereby the outer shell of the pearls consists of filamentous bacteria belonging to
Thiothrix sp., a sulfide-oxidizing species (Moissl et al. 2002, 2003; Probst and Moissl-
Eichinger 2015; Rudolph et al. 2001, 2004) that has been detected via FISH (Moissl et al.
2002; Probst et al. 2013). The interior of the pearls consists of up to 107 coccoid archaea
(SM1 Euryarchaeon, Rudolph et al. 2001) that dominate the community.

Moreover, Ca. Altiarchaea were also found in the drilled Muehlbacher Schwefelquelle
at Isling (MSI, image can be found in Henneberger et al. 2006) near Regensburg (Germany)
(linear distance from MSI to the Sippenauer Moor: 20 km, Probst et al. 2014b) and is
commonly referred to as SM1-MSI in the literature (Rudolph et al. 2001, 2004; Probst et al.
2014b). In contrast to the Sippenauer Moor, the white pearls of the biofilm of the
Muehlbacher Schwefelquelle contain besides the predominant Ca. A. hamiconexum (95%),
sulfate-reducing bacteria belonging to Deltaproteobacteria (5%) (Probst et al. 2013, 2014b;
Probst and Moissl-Eichinger 2015; Henneberger et al. 2006). The potential bacterial partner in
the MSI that surrounds the archaeal microcolony is suggested to be Sulfuricurvum sp., a
sulfide-oxidizing microorganism that together with Ca. A. hamiconexum is important for the
sulfur cycle in this ecosystem (Probst et al. 2013; Rudolph et al. 2004). The coexistence of
Ca. A. hamiconexum with their bacterial partners suggests a syntrophic or symbiotic
relationship including possible nutrient exchange (Henneberger et al. 2006; Moissl et al.
2002; Rudolph et al. 2004). Ca. Altiarchaeum has another feature of forming a regular three-
dimensional arrangement of their cells (Figure 11.3, B) to each other due to their filamentous
cell appendages called “hami” (Moissl et al. 2005; Probst and Moissl-Eichinger 2015) (Figure
1.3, C). These molecular barbed grappling hooks, which built up an entangled web between
the cells (cell-cell distance of 4 pm), could be responsible for the attachment of cells to
surfaces and for biofilm initiation and was described for both sulfidic springs (Henneberger et

al. 2006).
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Figure I1.3: (A, B) Scanning electron micrographs of Ca. A. hamiconexum cells (modified from Probst et al.
2014b). Bars: (A) 2 pm, (B) 1 pm. (C) Ca. A. hamiconexum cell surface appendages (modified from Probst and
Moissl-Eichinger 2015). Bar: 100 nm. (D) Fluorescence micrograph and (E) atomic force micrograph of an Ca.
A. hamiconexum biofilm taken by V. Turzynski. Bars: 10 pm.

However, compared to studies focusing on the bacterial diversity of diverse
ecosystems around the globe, studies on archaea are rare, especially for the deep terrestrial
subsurface (Bird et al. 2016; Lazar et al. 2017; O’Connell et al. 2003; Probst et al. 2013,
2014b, 2018; Purkamo et al. 2018; Takai et al. 2001; Waldron et al. 2007). A possible reason
could be that studies on the deep subsurface often show that bacteria are more abundant in
some subsurface environments than archaea (Lin et al. 2006; Rastogi et al. 2009; Schippers et
al. 2005), only a limited number of studies exists that indicate that archaea predominate (e.g.,
Biddle et al. 2006; Probst et al. 2014a; Probst and Moissl-Eichinger 2015). However, these
few studies have profiled the archaeal diversity in the deep terrestrial biosphere, but their

distribution and metabolic significance in biogeochemical cycles within the deep subsurface

remains poorly understood. As mentioned in Chapter 1 (4Around the world — Prokaryotes and

their distribution in the deep subsurface) the deep terrestrial subsurface that also includes deep

subsurface aquifers like the MSI, belongs to the most energy limited ecosystems on our planet

(Probst et al. 2018). Archaea, like Ca. Altiarchaea that live here, have evolved a special
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energy metabolism and are able to fix carbon from inorganic sources. Ca. Altiarchaea has
been emerged as one of the best model organisms for studying microbial interactions within
this energy-limited environment (Henneberger et al. 2006; Probst et al. 2013, 2014a, 2014b;
Probst and Moissl-Eichinger 2015; Rudolph et al. 2001, 2004; Bird et al. 2016).

This microbe uses a special key carbon fixation route, the energy-conserving reductive
acetyl-CoA (Wood-Ljungdahl) pathway that requires approximately 1 mol ATP for the
generation of 1 mol pyruvate and is one of the most important pathways for carbon fixation
(Probst and Moissl-Eichinger 2015; Probst et al. 2018). The reductive acetyl-CoA pathway
has also been reported in various other ecosystems of the deep terrestrial biosphere (e.g., Lau
et al. 2016; Magnabosco et al. 2016; Nyyssonen et al. 2014; Rempfert et al. 2017). This
pathway can be used either to degrade acetyl-CoA to carbon dioxide (CO2) or to fix CO> to
acetyl-CoA (Probst et al. 2014b). Such microorganisms like Ca. Altiarchaea that are capable
of an autotrophic metabolism (modified WL-pathway without enzymes encoding for
methanogenesis, (Probst et al. 2014b) are an integral part of the deep subsurface because they
provide other microorganisms (e.g., heterotrophs) an otherwise unavailable form of carbon
(Berg et al. 2010). Carbon represents a key component of the global carbon cycle (Hiigler and
Sievert 2011). The carbon cycle is therefore important because the balance between
autotrophy and heterotrophy (oxidation of organic carbon back into inorganic carbon) is
significant for the CO; and O concentration, e.g., in the atmosphere, and hence also affects
the Earth’s redox balance (Hiigler and Sievert 2011).

Besides, sulfate reduction, as well as methanogenesis (Kotelnikova 2002; Nyyssonen
et al. 2014; Ward et al. 2004), anaerobic methane oxidation (Ino et al. 2018), acetogenesis
(Kotelnikova and Pedersen 1997; Lever 2012), and reduction of iron (Haveman et al. 1999)
can be found in the deep subsurface (Nuppunen-Puputti et al. 2018). In many anaerobic
environments sulfate reducers and methanogens perform the final steps in the breakdown of
complex organic matter (Jorgensen and Parkes 2010). By the decomposition of organic
matter, acetate can be formed by, e.g., acetogenic microbial communities (Nuppunen-Puputti
et al. 2018) that can be further used by sulfate reducers (Pedersen et al. 2008). These
acetogenic microbes may support further microbial groups, such as acetate-oxidizing sulfate
reducing bacteria (Pedersen et al. 2008) or acetate utilizing methanogens (Kotelnikova and
Pedersen 1997; Nuppunen-Puputti et al. 2018). The competition between sulfate reducing
bacteria and methanogens for common substrates, e.g., H> and acetate, is essentially depended

by abiotic factors including substrate and sulfate concentrations (Lovley et al. 1982; Michas et

28



II. General Introduction

al. 2020). Until now, it is still unknown if the biofilm-forming Ca. Altiarchaeum is capable of
methane oxidation or metanogenesis since the archaeal factor Fix0 was not yet identified in
their metabolism (Moissl et al. 2003; Probst et al. 2013). However, methanogens are
considered to be quickly outcompeted by sulfate reducers for hydrogen and organic substrates
in such anoxic, sulfate-rich environments at high or limited amounts of sulfate (SM, MSI,

Probst et al. 2013; Bell et al. 2020).

3. Breaking down the architecture — Virus based strategies of dispersing biofilms

Viral infections may be responsible for the high mortality of autotrophic and
heterotrophic organisms in various ecosystems including the deep subsurface, resulting in
effects on the carbon and nutrient cycle (Anderson et al. 2013; Danovaro et al. 2008; Suttle
2007). Prokaryotes live in multi-species and represent a spatially structured community that is
ubiquitously in the microbial world (Flemming and Wuertz 2019; Penesyan et al. 2021). Such
communities or biofilms, have a strong impact in the field of microbial ecology, however,
very little attention has been paid on microbial interactions at the cellular scale, e.g., that
determine or destruct the overall biofilm structure. Biofilms have a so-called "open
architecture" with water-filled channels (water channel model Wimpenny and Colasanti 1997)
that allows viruses to directly access the interior of the biofilm and infect prokaryotes
harbouring the biofilm (Wimpenny and Colasanti 1997; Sutherland et al. 2004). Since
biofilms having a high cell density than, e.g., the surrounding medium, they have the potential
to be a hotspot for viral activity (Anderson et al. 2013). Investigating virus-host interactions
within biofilms is depending on various factors, like the species composition, the number of
viruses, the amount of biofilm biomass, the spatial heterogeneity, the composition of the
biofilm matrix, and the microbial metabolic activity that can vary within the different layers
of the biofilms (Abedon 2012, 2016). For instance, some bacterial species can secrete outer
membrane vesicles (OMVs) containing phage receptors that can mediate phage entrapment by
contributing to an irreversible binding of viruses, thereby preventing infections of biofilm
cells (Manning and Kuehn 2011; Reyes-Robles et al. 2018; Pires et al. 2021).

The EPS matrix of a biofilm acts as a potential barrier against viral infection
(Costerton et al. 1987; Roberts 1996; Weinbauer 2004; Wilkinson 1958), however, the EPS of
biofilms cannot always prevent viral infections (Doolittle et al. 1995a; Hanlon et al. 2001;
Weinbauer 2004), because viruses developed some strategies for penetrating this barrier, e.g.,

due to enzymatic digestion (Weinbauer 2004). Viruses may enhance biofilm formation
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through induction of polysaccharide production (Fernandez et al. 2018; Secor et al. 2015) or
have special enzymes that are involved in depolymerasing the biofilm matrix that are located
in the virus tail or capsid (Weinbauer 2004). For instance, some viruses can produce enzymes
that degrade the poly-y-glutamic acid (y-PGA) capsule of, e.g., Bacillus spp. that represents a
secreted polymeric substance that is similar to the EPS matrix in biofilms (Yu et al. 2016).
The degradation of the biofilm matrix by associated enzymes and a direct viral lysis of their
microbial hosts picture the normal component of the biofilm development and is a major
factor for the release of new virions from the biofilm to the surrounding medium/ environment
(Webb et al. 2003; Weinbauer 2004).

Moreover, active phages already trapped in the biofilm can eliminate newly arriving
prokaryotic cells (Bond et al. 2021). Viruses can have different types of enzymes for, e.g.,
degrading the surface polysaccharides of prokaryotes or the biofilm matrix by depolymerases,
or destroying the prokaryotic cell wall by virion-associated peptidoglycan hydrolases
(VAPGHSs) and endolysins (Azeredo et al. 2021; Gutiérrez et al. 2017). These types of
enzymes were reported for viruses hijacking bacteria (bacteriophages). Cell-wall containing
archaea can also be lysed by special pseudomurein cleaving lysins reported for, e.g.,
Methanobacteriales and Methanopyrales (reviewed in Visweswaran et al. 2010, 2011).
However, archaeal viruses are able to employ other alternative mechanisms for infecting their

hosts (see Chapter 1.2.1 Unique, special, exceptional - A focus on archaeal viruses) that are

unique in the prokaryotic world, the most traditional method for analyzing virus-host
interactions besides imaging and molecular biological techniques are computational methods

based on data from laboratory experiments (cultured virus-host systems) (Jarett et al. 2020).

3.1 Stayin’ alive: an evolutionary arms race — CRISPR Cas immune system vs. virus-
encoded anti-CRISPR proteins

CRISPR-Cas systems represent a prokaryotic adaptive immunity mechanism against
mobile genetic elements (MGESs), such as viruses or plasmids (Barrangou et al. 2007) and are
widely conserved in both bacteria (up to 40%) and almost all archaea (90%) (Lier et al. 2015).
CRISPR-Cas (clustered regularly interspaced short palindromic repeats) immunity involves
three main stages (Figure I1.4): 1) the adaptation stage in which virus/MGEs derived
sequences (so-called “spacers”) are inserted into the CRISPR locus, 2) the processing/
expression stage in which the CRISPR locus is transcribed and processed into separate

CRISPR RNAs (crRNAs), and 3) the interference stage in which the detection and

30



II. General Introduction

degradation of MGEs by CRISPR RNA and Cas proteins happens (Rath et al. 2015). In the
last step the crRNA binds to the assembled CRISPR effector complex (called “interference
module”) for recognizing and degrading DNA and/or RNA molecules containing the
protospacer sequence (Rath et al. 2015). The CRISPR-Cas system can be divided into two
broad classes and six distinct types (I-VI), which can be divided into several subtypes
(Makarova et al. 2011; Pauly et al. 2019a). For instance, Class 1 contains Type I, III, and IV,
whereby Class 2 CRISPR-Cas system covers Type II, V, VI (Hatoum-Aslan and Howell
2021). Class 1 CRISPR-Cas systems are widespread among bacteria and archaea; however,
the less common Class 2 CRISPR-Cas systems are only found in bacterial species (Hatoum-

Aslan and Howell 2021).
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Figure I1.4: The CRISPR-Cas system. Three major stages are involved for CRISPR immunity: adaptation,
expression, and interference (taken from: Hatoum-Aslan and Howell 2021).

The fact, that up to 40% of bacteria and almost all archaeca have a CRISPR-Cas
system, suggests that viruses have effective mechanisms for overcoming this specific barrier.
Viruses can stop the host’s CRISPR-Cas complex from interrupting their phage life cycle by
producing anti-CRISPR (Acr) proteins (consisting of 53-333 amino acids) (Wirth and Young
2022). For instance, it was shown that members of the Rudiviruses (specifically Sulfolobus
islandicus rod-shaped virus, SIRV) constantly attack and infect archaea of the
genus Sulfolobus. The CRISPR-Cas system of Sulfolobus is able to remember the viral DNA
for a specific counterattack by breaking down the viral DNA before it can cause any harm
within the host (He et al. 2018; Pauly et al. 2019a). However, it was shown that SIRV evolved
strategies by using Acr proteins to evade the targeting by the host CRISPR-Cas adaptive
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immunity (He et al. 2018). To date, only three archaeal Acr proteins have been characterized,
all belonging to Rudiviruses (Athukoralage et al. 2020; Bhoobalan-Chitty et al. 2019; He et al.
2018), besides many investigations conducted for Acrs of bacteriophages (Bondy-Denomy et
al. 2013; Borges et al. 2017; Davidson et al. 2020; Maxwell et al. 2016; Pawluk et al. 2014;
Rauch et al. 2017; Wiegand et al. 2020).

Surprisingly, CRISPR-mediated defense systems can also appear to be employed by
viruses for interviral conflicts. A recent study on archaeal viruses of the family
Portogloboviridae isolated from a Japanese hot spring showed that Sulfolobus polyhedral
virus 1 (SPV1) and 2 (SPV2) carry mini-CRISPR arrays with spacers targeting each other
(Liu et al. 2018; Medvedeva et al. 2019). These interviral conflicts could represent a
mechanism of heterotypic superinfection exclusion, in which a cell infected by one virus
becomes resistant to another closely related virus (Medvedeva et al. 2019).

Over the past decade, basic insights into CRISPR-Cas mechanisms have been
conducted with in silico analysis (e.g., metagenomics) with the ongoing development of new
powerful genetic and bioinformatic tools. A visual proof of whether the host's CRISPR-Cas
system is active or not during a viral infection would be possible by using imaging techniques
for detecting both — spacer and cas genes. Combining the information derived from
metagenomics and imaging techniques (e.g., via fluorescence in situ hybridization) could
bolster our understanding in terms of an active arms race between viruses and their host

within ecosystems.

4. Scope of the thesis and publication guide

The scope of the present thesis was to establish the virusFISH method for
investigating the interaction between Ca. A. hamiconexum and their virus Altivir 1 MSI in
the deep biosphere. This culture-independent method was previously used in several studies
for pure cultures and less used for environmental samples. Within this thesis, I will show
which potential this method has in terms of detecting viral infections, illustrating the viral
lifestyle, and which effects viruses can have on the overall microbial community within the
deep subsurface.

The next paragraphs summarize the content and main findings of the three publications

generated during this thesis.
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4.1 Which imaging methods can be used for studying virus-host interactions?

Rapid advances in imaging have fueled our enthusiasm for practical applications in
detecting viruses, e.g., in environmental samples. However, every imaging technique has
certain limitations, but the development of new technologies and also the support of in silico
analysis with novel tools, improved the ability for detecting these tiny predators. The
advantages and disadvantages, as well as the sample preparation for each microscopy

approach is summarized in manuscript 1 “Imaging Techniques for Detecting Prokaryotic

Viruses in Environmental Samples”. In addition, advices on linking several imaging

techniques for achieving the best resolution and image are given. In this manuscript, we report
on the potential of the so-called “virusFISH” method for monitoring and quantifying viral
infections for transferring this method to a difficult to access ecosystem, the deep terrestrial

subsurface.

4.2 Establishment of virusFISH on Ca. A. hamiconexum and Altivir 1 MSI

A very good to study virus-host system is the primary producer Ca. A. hamiconexum
and their virus Altivir 1 MSI, both found at the Muehlbacher Schwefelquelle (MSI). The
establishment of the virusFISH method for this respective model system can be found in

manuscript 2 entitled: “Lytic archaeal viruses infect abundant primary producers in

Earth’s crust”. By using virusFISH, which represent a method for linking viruses to their
host, we showed active viral infections on Ca. A. hamiconexum with the indication for a lytic
viral life cycle of Altivir 1 MSI. Moreover, we observed first hints of bacteria potentially

benefitting from lysis events and jump-start the heterotrophic carbon cycle in this ecosystem.

4.3 Virus-host dynamics of Ca. A. hamiconexum and Altivir 1 MSI and the potential effects
on the whole microbial community

The spatial and temporal distribution of Altivir 1 MSI was intensively studied in

manuscript 3: “Virus-host dynamics in archaeal groundwater biofilms and the associated

bacterial community composition over a period of four years. Moreover, we calculated the

virus-host ratios and determined the overall community of the MSI biofilm flocks. Since, we
observed in manuscript 2 active bacteria that could benefit from lysing events, we were
interested in determining which microbes these are. Our results achieved by Nanopore

sequencing showed mainly sulfate-reducing bacteria. Moreover, the different stages of an
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active biofilm development controlled by Altivir 1 MSI was also illustrated in this

manuscript.
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III. Publications

Overview

The present cumulative dissertation comprises three successfully published
publications by Victoria Turzynski as first author. The first manuscript, and the third
manuscript were published in the journal MDPI Viruses, whereby the latter was published in a
special issue of MDPI called “Archaeal Virology”. The second manuscript was published in

Nature Communications.

Supplementary information as well as additional data are supplied on the supporting

CD (contents are described in Section VII).

Victoria Turzynski’s contributions to each of the manuscripts are as follows:

1. Turzynski et al., 2021: Victoria Turzynski wrote the manuscript, designed the Figures,

prepared microscopy Figures, and incorporated revisions.

2. Rahlff, Turzynski et al., 2021: This manuscript was a shared first authorship, whereby
both authors (J. Rahlff, and V. Turzynski) contributed equally.
Victoria Turzynski wrote the manuscript, incorporated revisions, prepared microscopy
Figures, performed the sampling, virusFISH and image analysis, as well as prepared

the supplementary material.
3. Turzynski et al., 2023: Victoria Turzynski wrote the manuscript, performed the

sampling, quantitative real-time PCR, and imaging (virusFISH, direct-geneFISH),

prepared the Figures and the supplementary material, and incorporated revisions.

35



II1. Publications

Review

I. Imaging Techniques for Detecting Prokaryotic Viruses in Environmental
Samples

Victoria Turzynski *, Indra Monsees !, Cristina Moraru * and Alexander J. Probst 1%

"Department of Chemistry, Environmental Microbiology and Biotechnology (EMB),
University of Duisburg-Essen, Universititsstralle 5, 45141 Essen, Germany

Ynstitute for Chemistry and Biology of the Marine Environment (ICBM), Carl-von-
Ossietzky-University Oldenburg, Carl-von-Ossietzky-Strale 9-11, 26111 Oldenburg,
Germany

3Centre of Water and Environmental Research (ZWU), University of Duisburg-Essen,
Universitétsstrale 5, 45141, Essen, Germany

*Correspondence: victoria.turzynski@uni-due.de; alexander.probst@uni-due.de

Publication information:

Viruses 2021, 13(11), 2126; https://doi.org/10.3390/v13112126

Received: 20 September 2021 / Revised: 15 October 2021 / Accepted: 18 October 2021 /
Published: 21 October 2021

Link: https://www.mdpi.com/1999-4915/13/11/2126

Abstract

Viruses are the most abundant biological entities on Earth with an estimate of
10° viral particles across all ecosystems. Prokaryotic viruses—bacteriophages and archaeal
viruses—influence global biogeochemical cycles by shaping microbial communities through
predation, through the effect of horizontal gene transfer on the host genome evolution, and
through manipulating the host cellular metabolism. Imaging techniques have played an
important role in understanding the biology and lifestyle of prokaryotic viruses. Specifically,
structure-resolving microscopy methods, for example, transmission electron microscopy, are
commonly used for understanding viral morphology, ultrastructure, and host interaction.
These methods have been applied mostly to cultivated phage—host pairs. However, recent
advances in environmental genomics have demonstrated that the majority of viruses remain
uncultivated, and thus microscopically uncharacterized. Although light- and structure-
resolving microscopy of viruses from environmental samples is possible, quite often the link
between the visualization and the genomic information of uncultivated prokaryotic viruses is
missing. In this minireview, we summarize the current state of the art of imaging techniques
available for characterizing viruses in environmental samples and discuss potential links
between viral imaging and environmental genomics for shedding light on the morphology of
uncultivated viruses and their lifestyles in Earth’s ecosystems.

Keywords: fluorescence microscopy; electron microscopy; helium-ion microscopy; atomic force microscopy;
metagenomics; viromics; fluorescence in situ hybridization; virusFISH; phageFISH; direct-geneFISH
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1. Introduction

In the last few decades, it has been proven that viruses represent the most abundant
components in Earth’s ecosystems (Fuhrman 1999). Based on the molecular composition of
their genome, these viral predators can be categorized into DNA and RNA viruses, whereas
the respective genome can be single-stranded (ss) or double-stranded (ds). Current estimates
based on aquatic and soil ecosystems suggest that the majority of prokaryotic viruses have
dsDNA genomes (Srinivasiah et al. 2008). By influencing microbial communities on various
levels, viruses impact carbon, nitrogen, sulfur, and phosphorous cycling in many ecosystems.
For instance, up to 10?® viral infections are estimated to occur in the ocean per day (Suttle
2007), which convert cells into dissolved organic matter (DOM) and particulate organic
matter (POM) (Suttle 2007), leading to a viral shunt and a redistribution of carbon compounds
in the stratified ocean (Suttle 2005; Thingstad and Lignell 1997). Beyond the killing-the-
winner hypothesis, based on which viruses modify host diversity (Thingstad and Lignell
1997) and microbial community composition, the piggy-back-the-winner hypothesis was
recently proposed, highlighting the importance of viral lysogeny in microbial communities
(Silveira and Rohwer 2016). Viruses alter biogeochemical cycling of microbes via horizontal
gene transfer. Moreover, viruses can introduce auxiliary metabolic genes (AMGs) (Breitbart
et al. 2007) to their prokaryotic host, adjusting the metabolism to their needs and likely
increasing their burst size. Recent metagenomic studies have demonstrated that AMGs are
diverse and abundant in marine viromes (Ahlgren et al. 2019; Anantharaman et al. 2014;
Rahlff et al. 2021) but can also occur in archaeal and bacterial viruses in the deep subsurface
(Anderson et al. 2014). For instance, viruses can heavily impact sulfur cycling in the deep
ocean by transferring genes for sulfate reduction (Anantharaman et al. 2014). Furthermore,
the presence of photosystem I genes in marine cyanophages results in a metabolism boost of
Prochlorococcus and Synechococcus cells during viral reproduction (Sharon et al. 2009).
While these findings were first documented using metagenomic studies (Fridman et al. 2017),
the isolation of such viruses containing genes for photosystem I and II was successfully
reported only eight years later, highlighting the necessity of studying uncultivated viruses
directly in ecosystems. The Tara Ocean Project (Zhang and Ning 2015) was set out with the
aim of investigating microbial interactions, their evolution, and viral infections (Brum et al.
2015) in the sea ecosystem. This project was based on an extraordinarily large dataset
containing millions of newly discovered sequences from various oceanic microbes and
viruses (Brum et al. 2015), and—along with the Pacific Ocean Virome (POV) (Duhaime and
Sullivan 2012; Hurwitz et al. 2013) project and the Malaspina expedition (Roux et al. 2016)—
revolutionized our view of genetic diversity of prokaryotic and eukaryotic viruses on Earth.
Such datasets represent the best current means of documenting the taxonomic compositions of
uncultivated and unknown viral communities (Hurwitz et al. 2013) in various ecosystems.

In contrast to uncultivated viruses, those that were cultivated in the laboratory have
been extensively studied for decades, including via imaging techniques (Almeida et al. 2018),
and have substantially broadened our knowledge regarding viral morphologies and
ultrastructure. Fundamental insights regarding how viruses interact with their hosts and
regarding the discovery of novel viruses can be gained from using epifluorescence
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microscopy, electron microscopy (EM), helium-ion microscopy (HIM), and atomic force
microscopy (AFM) (Figure 1, Table 1). For instance, virus enumeration (determined as virus-
like particles, VLPs) is routinely performed via epifluorescence microscopy and EM for
several ecosystems, e.g., VLPs range from 107 to 10 mL™! in marine and freshwater
environments (Luef et al. 2009; Suttle 2005; Weinbauer 2004) and from 108 to 10° VLPs cm™
in sediment (Danovaro et al. 2001; Engelhardt et al. 2014) and soil (Williamson et al. 2017,
2003). In addition, the combination of both imaging techniques (fluorescence and electron
microscopy) —known as Correlative Light and Electron Microscopy “CLEM”—can be
combined for the quantification of viruses and the visualization of virus—host associations
(Jahn et al. 2021). The benefit of this technical linkage is that the observation of fluorescent-
labeled viral particles can be easily identified and tracked as “real viruses” by using EM
(Miiller et al. 2019). For studying the viral entry and egress mechanisms, scanning electron
microscopy (SEM) was identified as one of the most suitable imaging techniques (Bize et al.
2009). Analyses based on cryo-EM have provided important information not only on
investigating and reconstructing the viral structure (Almeida et al. 2018; DiMaio et al. 2015;
Prangishvili et al. 2006¢) but also on the genome injection mechanisms of viruses (Guerrero-
Ferreira and Wright 2013). Additionally, HIM and AFM have been applied for studying
virus—host interactions under high resolution (Dubrovin et al. 2008; Leppénen et al. 2017).

Environmental sample

containing viruses Metaviromics

4\

Freshwater
ecosystems Ocean

Sea sediment

Marine

Terrestrial subsurface subsurface
sediment

Electron microscopy

>
Cryo-EM
3D-Virion-
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Figure 1: Overview of methods for detecting viruses in environmental samples and combinations thereof. Green
arrows indicate commonly applied methods, which are described in the main text. Red arrows suggest potential
couplings of methods that have not been performed to date. Coupling metaviromics with light microscopy has
been performed in three studies (Hochstein et al. 2016; Jahn et al. 2021; Rahlff et al. 2021) and is elucidated
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further in Figure 2. The origin of arrows in the figure is always associated with the environmental sample and the
metaviromics analysis to indicate that both need to be combined to link viral structures to genome sequences.

Environmental sample

Probe design

Metaviromics

VirusFISH

/\

Viral genome

Fluorescence microscopy

Imaging of, e.g., archaeal viruses

Figure 2: Linkage of metaviromics and fluorescence microscopy for detecting uncultivated viruses. The genome
of the virus is detected in silico and used for respective probe design (Barrero-Canosa and Moraru 2019),
followed by detection of the respective viral genomes in situ (i.e., virusFISH, Rahlff et al. 2021).

Table 1: Overview of frequently used microscopy methods for studying viral abundance, viral morphology, and

viral diversity.

Mi Coupling With
TlCl}'ﬁ;COpY Advantages Disadvantages Resolution Following Techniques
echinique Has Been Performed
- Powerful, cheap, - Photobleaching - 300 nm for conven- - Flow cvtomet
and simple technique - No structural tional light microscoj (Marie eyt al 1 913;)
Prata et al. 2012) for resolution, only techniques and . .
Fluorescence , . . . -Ultracentrifugation
. analyzing viruses with detection 10 nm for super-
microscopy . . . (Thurber et al. 2009)
high accuracy and resolution microscopy TEM (as CLEM)
precision (Noble and (SRM) (Hauser et al. (Jahn et al. 2021)
Fuhrman 1998) 2017) '

- Estimation of
total viral
counts (more
efficient than
techniques such

as TEM
Nucleic acid ~ (Danovaro et al.
staining 2001;
Weinbauer and
Suttle 1997) and

can be carried
out in the field
(Noble and
Fuhrman 1998)

- Some dyes have
a long staining
time or interfere
with fixatives
(Wen et al. 2004)
- Small/large
bacteria may be
counted as viral
particles (Danovaro e
al. 2001) or bacterial
cells (Pina et al. 1998,
- Free nucleic acids
can be recognized as
viruses (Bettarel et al
2000)

Fluorescence in situ - Precise localization
hybridization  of gene signals and
(FISH) virus-infected/
(direct-geneFISH mnon-infected cells
(Barrero-Canosa et - Visualization of

- Requires an
experienced and
trained person

- Metagenomics/
viromics (Hochstein et
al. 2016; Jahn et al.
2021; Rahlff et al. 2021)
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al. 2017), viral infections, e.g.,
phageFISH (Allers from an early infection
et al. 2013), stage to viral bursts
virusFISH (Rahlff (Allers et al. 2013;
etal. 2021))  Zimmerman et al. 2019)
and also used as culture-

independent method
;Ezfiizlr:[ean q - Ultracentrifugation
. . .q P . - Subnanometer (Bachrach and
Electron - Highest resolution time-consuming . .
microscopy (EM) - High-quality images - not possible in the resolution (Hauser  Friedmann 1971;
Py gh-quality & p et al. 2017) Bettstetter et al. 2003;

field (Hennes and
Suttle 1995)

Haring et al. 2005)

- Total viral counts,
viral morphological

TEM, characterization, viral
SEMand infection fre uerllcies
Cryo-EM d ’

and burst size estimates
can be obtained

- Underestimation
of viral abundances
(Hara et al. 1991;
Noble and Fuhrman
1998; Weinbauer
and Suttle 1997)

- Imaging of various
stages of viral infections
- Coating and em-
Helium-ion  bedding of the sample
microscopy (HIM)are not required
(uncoated samples show
more ultra-structures)
(Leppénen et al. 2017)

- Heliumis a
limited element
on Earth,
expensive
imaging technique

- Higher imaging
resolution than
techniques such as EM
(Leppénen et al. 2017)
- Nanoscale imaging
capacity with a higher
depth of view
compared to AFM
(Leppénen et al. 2017)

- Inexpensive method
with mechanically

and electronically
straightforward
instruments
(Kuznetsov and
McPherson 2011)

- Staining, labeling, and
coating the samples is
not necessary (Allison et
al. 2010)

- Analysis can be per-
formed in fluids and in
air (Kuznetsov and
McPherson 2011)

- Obtaining of viral
morphology

Atomic force
microscopy (AFM)

- Recording an
image is time
consuming in
contrast to
fluorescence
microscopy
(Kuznetsov and
McPherson 2011)

- Limitation in scan
range (Kuznetsov
and McPherson
2011)

- Debris can adhere
to the AFM tip and
can affect the image
quality (Kuznetsov
and McPherson
2011)

- X-ray diffraction

- Nanometer-scale (Kuznetsov and
resolution: imaging McPherson 2011)

from molecular to - Ultracentrifugation
cellular scale (Dubrovin (Dubrovin et al. 2004)
et al. 2008) - HIM

(Andany et al. 2020)

The difficulty of culturing the majority of host organisms poses a huge problem for the
analyses of their viruses (Munson-McGee et al. 2018), and thus, the majority of viruses
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remains uncultivated and yet to be explored (Anderson et al. 2013; Suttle 2007; Williamson et
al. 2003). To overcome the challenge of linking uncultivated microbial hosts to their
uncultivated viruses, in-silico techniques like metaviromics have swiftly become keys in
analyzing viral genomes from various ecosystems and linking them to prokaryotic genomes.
Although metaviromics has been used with different microscopy techniques, such as
epifluorescence microscopy (Hochstein et al. 2016; Rahlff et al. 2021) and EM (Hochstein et
al. 2016; Rahlff et al. 2021) (Figure 1), a direct linkage of genome and microscopic image is
seldomly achieved (Hochstein et al. 2016; Jahn et al. 2021; Rahlff et al. 2021) (Figure 2).
Consequently, a major gap of knowledge exists regarding the morphology of uncultivated
viruses, the stages of infection of their hosts, virus/host quantification, and the spatial
localization of viruses and their host in ecosystems (e.g., in terms of interactions with other
prokaryotic/eukaryotic microbes or in biofilms). The major bottleneck for studying these
uncultivated viruses is the disconnection of sequencing data (metagenomics and viromics)
from uncultivated viruses and microscopy techniques. In this review, we summarize the
current state of the art of visualization techniques for (cultivated) viruses and discuss their
potential linkage to sequencing data in order to explore viruses directly in ecosystems.

2. Retrieving Viral Fractions from Ecosystems for Microscopy Analyses

Quite often, viruses in environmental samples need to be concentrated and purified
before being analyzed with microscopy techniques, e.g., for virus enumeration or
identification of viral morphology. For this purpose, a careful removal of all contaminants
like cellular organisms and debris is essential in order to obtain highly purified virus particles.
Initially, viruses can be separated from contaminants, most often by size fractionation via
filtration, but also via centrifugation (Table 1). The concentration and collection of viral
particles can generally be performed either via tangential flow filtration (TFF), dead-end
filtration or by using filters with pore sizes <0.02 um, e.g., Anodisc™ or Nuclepore™
(Budinoff et al. 2011; Noble and Fuhrman 1998). Analyses with Anodisc™ membranes
provide an order of magnitude higher VLP abundance for seawater than Nuclepore™
membranes (Budinoff et al. 2011) and are thus likely better for collecting viral particles.

Concentrating viruses from environmental samples can be performed via TFF, in
which the sample flows tangential to the filter surface (Wommack et al. 2010). Viruses from
oligotrophic marine samples have been investigated using this concentration procedure in
conjunction with ultrafiltration and transmission electron microscopy (TEM) analysis (Alonso
et al. 1999). However, TFF can cause a loss in viral yield (Corinaldesi et al. 2010). An
alternative method for concentrating and purifying viruses from pure cultures and
environmental samples is ultracentrifugation. Ultracentrifugation has been used on a range of
viruses (Thurber et al. 2009) and is conducted at more than 100.000x g, a centrifugal force
that cannot be achieved by ordinary centrifuges. Thus, this technique requires an expensive
ultracentrifuge, rotors, and special tubes (Nasukawa et al. 2017).

Recent protocols combine ultracentrifugation with a flocculation, filtration, and
resuspension (FFR) method in order to most efficiently concentrate viruses from
environmental samples (John et al. 2011). For instance, an iron-based virus FFR method
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showed a marine virus recovery of >94 + 1% by using FeCls, which represents an efficient,
inexpensive, and non-toxic flocculant (John et al. 2011). This flocculation method is
beneficial because it allows large amounts of water to be processed and is technically simple
and fast with high viral recovery (John et al. 2011; Prata et al. 2012).

Ultracentrifugation can also be used in combination with polyethylene glycol (PEG).
Usually, a PEG concentration of 10% (w/v) is commonly used for virus precipitation
(Fouladvand et al. 2020). When combining PEG precipitation with density gradient
ultracentrifugation, a gradient media is required. This can be iodixanol (Ford et al. 1994)
(“Optiprep™”), cesium sulfate, sucrose, or cesium chloride (CsCl) (Bachrach and Friedmann
1971; Nasukawa et al. 2017), all easily removed after centrifugation by adding dialysis steps.
CsCl represents the most widely used gradient media for achieving highly pure and
concentrated virus solutions (Thurber et al. 2009). For instance, insight into different viral
morphotypes of uncultivated viruses infecting members of the genus Acidianus in an
enrichment culture obtained from a volcanic area in Italy was achieved by coupling PEG and
CsCl density gradient ultracentrifugation with TEM (Héring et al. 2005). By using this
method combination, Acidianus filamentous virus 1 (AFV1) was purified from an infected
Acidianus hospitalis enrichment culture originally retrieved from hot springs (Bettstetter et al.
2003). These types of methods have been used so far in pure cultures and enrichments. The
purification method based on the combination of PEG, CsCl density ultracentrifugation, and
TEM has—to the best of our knowledge—mnot been applied directly to environmental
samples.

3. Using Electron Microscopy for Virus Quantification and for Discovery of Previously
Unknown Viral Morphologies and Ultrastructures

3.1. Sample Preparation for Transmission Electron Microscopy

Around the early 1930s, the first electron microscope was developed, and only eight
years later the first electron micrograph of a virus was recorded in the literature (Kausche et
al. 1939). Since then, TEM has been an integral part of the study of viruses for the
determination of virion morphology and ultrastructure, as well as for virus quantification. For
these purposes, two staining techniques are available—negative and positive staining
(Barreto-Vieira and Barth 2015).

Prior to the staining procedure, the sample is frequently concentrated through (ultra-)
centrifugation and filtration by using 0.2 pm-pore-size filters to get rid of debris and cellular
organisms (see above) (Noble and Fuhrman 1998). Negative stains, phosphotungstic acid,
ammonium molybdate, and uranyl acetate (also a fixative) are commonly used for staining the
sample/phage solution deposited directly on the copper grid, whereby uranyl acetate is also
used as a positive stain besides lead citrate for enhancing the contrast of samples (Reynolds
1963). The concentrated sample can also be embedded in epoxide or another resin. Thin
sectioning of the embedded sample is performed by using a diamond knife to reveal the
structures inside viruses and their hosts (Lundstrom et al. 1979; Milne and Trautner 1967).
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As a result of the two staining techniques, the negative staining depicts light viral
particles on a dark background, while positive staining results in dark particles on a bright
background. For both staining techniques, the samples are incubated in heavy metal salt
solutions (e.g., uranyl acetate (Watson 1958)), whereby the salt can react with cellular
structures (Watson 1958) or penetrate the viral tail (Proctor 1997), challenging the detection
of fine viral structures. This paragraph just summarizes the superficial sample preparation for
TEM that uses electron beams for the imaging of viruses, but correct preparation is essential
for a thorough detection of viruses and elucidation of their morphologies. For further reading
on viral preparation for TEM, the reader is referred to (Ackermann 2009; Belnap 2021).

3.2. Estimating Viral Abundances in Environmental Samples Using TEMs

The first quantification of viruses in environmental samples resulted in the detection of
approximately 10 million putative viruses per milliliter of seawater (Bergh et al. 1989) and
was conducted using TEM in 1989. Later, determining viral abundances via TEM was applied
not only to seawater (Torrella and Morita 1979) but also to the slime of diatoms (Bratbak et
al. 1990), marine snow particles (Peduzzi and Weinbauer 1993), hydrothermal vent systems
(Williamson et al. 2008), deep granitic (Kyle et al. 2008) and shallow aquifers (Pan et al.
2017), and marine subsurface sediments (Engelhardt et al. 2014), resulting in a more general
understanding of the distribution of viruses across Earth’s biomes. Quantifying viruses based
on their capsid morphology was conducted by combining TEM with metaviromics across six
oceans and seas through the Tara Oceans Expedition (Brum et al. 2013). The aforementioned
study resulted in the detection of four different viral morphotypes (myoviral, podoviral,
siphoviral, and non-tailed icosahedral viruses), which were also analyzed on a genomic basis
(Brum et al. 2013). These analyses provided evidence that non-tailed viruses dominate the
upper water column of the global oceans, comprising 51-92% of the observed viral particles
(Brum et al. 2013). TEM-based analyses of viral fractions did not only increase our
understanding of the distribution of viral communities across ecosystems but also within
ecosystems. For example, an increase in the viral abundance with depth was determined for
marine sediment samples (Engelhardt et al. 2014), a trend that was also later confirmed for
archaeal viruses in deep granitic groundwater (Kyle et al. 2008).

3.3. Determination of the Frequency of Visibly Infected Cells, Burst Sizes, and Spatial
Distribution of Viruses

While the aforementioned studies focus on the detection of viral particles within the
extracellular space, TEM can also be used for studying viruses within host cells. The
frequency of visibly infected cells (FVIC) can be calculated for a sample by determining the
number of visibly infected cells divided by the number of examined cells. FVIC is helpful in
terms of estimating viral infections within cells, quantifying the number of infected cells, and
determining the burst size (number of viral particles per cell). FVIC was calculated for several
ecosystems, e.g., for the surface of glaciers (Arctic cryoconite) (Bellas et al. 2013), various
freshwater (Jasna et al. 2018; Peduzzi 2016), and marine ecosystems (Weinbauer and Peduzzi
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1994). Although this method only detects cells in the late stage of infection (Castillo et al.
2020), it substantially increased our knowledge of naturally occurring virocells. For example,
in marine ecosystems, the infection frequencies, burst size, capsid sizes, and the distribution
patterns of viruses inside cells can vary between different bacterial morphotypes (Weinbauer
and Peduzzi 1994). Moreover, coccoid and rod-shaped cells appeared to be more infected by
viruses than, e.g., spirilla, in marine ecosystems (Weinbauer and Peduzzi 1994), and likely
also in alkaline lakes (Brum et al. 2005). Prokaryotic mortality was also shown to vary among
seasons (pre-monsoon, monsoon, and post-monsoon) with an increase in mortality during the
monsoon season, whereas rod-shaped bacteria were more infected during the dry season
(Jasna et al. 2018). Across all seasons, myoviruses were the most dominant viral morphotype
besides non-tailed viruses, miphoviruses, and podoviruses (Jasna et al. 2018). The results of
this study led to the general assumption that seasonal dynamics of viruses impact the carbon
and energy flow in tropical esturine ecosystems (Jasna et al. 2018).

3.4. Observing (Novel) Viral Morphologies

Viral morphology is one of the most studied viral features, usually by using TEM,
because it offers information about how viruses are able to attach and penetrate the host cell.
Furthermore, for a long time, morphological features determined by TEM, for example, tail
type, capsid shape and size, and the presence or absence of envelopes and spikes (Norrby
1983), have been the main criteria used for viral classification, and, to a certain extent, they
are still used today, together with the genomic information. For instance, until recently, the
order Caudovirales (dsDNA viruses) comprised tailed viruses infecting bacteria and archaea,
which were classified into three families (Myoviridae, Siphoviridae, and Podoviridae), based
on their tail morphology (Krupovic et al. 2011a). Moreover, some viral particles have unique
morphologies, such as lemon-shaped viruses (Prangishvili et al. 2006¢; Zhang et al. 2019),
and some viruses undergo spectacular extracellular developments (Hiring et al. 2005). Most
of these unique morphologies are associated with viruses that infect archaea. The biggest
milestone for the study of archaeal viruses was the observation of the viruses in
environmental samples via TEM in 1994 (Zillig et al. 1993). This analysis was quickly
expanded to viruses infecting hyperthermophilic archaea in hot springs in the Yellowstone
National Park (Wyoming, USA) (Bettstetter et al. 2003; Rachel et al. 2002). One study
particularly focused on one specific virus (Acidianus filamentous virus 1, AFV1 (Bettstetter et
al. 2003)), which infects only some representatives of the genus Acidianus. The authors
revealed virus—host associations via EM pictures, which showed how AFV1 particles attach
to the pili of Acidianus hospitalis and thus enable linking hosts and viruses in environmental
samples (Bettstetter et al. 2003). Beyond the study of archaea-virus interactions with specific
species in ecosystems, various morphotypes of hot spring viruses, ranging from filamentous,
rod-shaped viruses to spindle-shaped viruses, were observed (Rachel et al. 2002). Ample
research on hot spring viruses revealed a lemon-shaped Acidianus two-tailed virus with an
astonishing extracellular morphological development (Héring et al. 2005). This virus develops
long filamentous tails at its ends after being released from its host cell if the virus is exposed
to the correct ecosystem temperature of ~75 °C (Héring et al. 2005).
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3.5. Scanning Electron Microscopy for Studying Unique Viral Egress Mechanisms

A special viral egress mechanism of archaeal viruses was revealed using a
combination of TEM and scanning electron microscopy (SEM) by focusing on their
morphology during their proliferation (Bize et al. 2009). When exiting the Sulfolobus cell, the
rod-shaped virus 2 (SIRV2 (Prangishvili et al. 1999)) caused the formation of virus-associated
pyramids (Bize et al. 2009) (known as VAPs) on the surface of the host cell after 10 hours of
infection. During this last stage of infection, huge apertures were created for releasing the
newly matured viruses (Bize et al. 2009). Furthermore, the viral genome encoded the proteins
that control the formation of VAPs (Bize et al. 2009). TEM analyses also showed a change of
the host phenotype during infection, highlighted by the absence of its S-layer (Bize et al.
2009). The development of VAPs as virus release mechanisms was recently expanded to
Sulfolobus turreted icosahedral virus (STIV) (Brumfield et al. 2009), suggesting that this
complex exit mechanism is spread in the genus Sulfolobus, if not in other archaea as well.

3.6. lllustrating Virus—Host Associations by Using Cryo-Electron (Cryo-EM) Microscopy and
Cryo-Electron Tomography (Cryo-ET)

Over the last 15 years, cryo-EM was established as the method to use when
investigating in-depth and high-resolution viral structures (DiMaio et al. 2015; Mochizuki et
al. 2012; Prangishvili et al. 2006c) or virus—host interactions (Dewey et al. 2010; Sun et al.
2014). Cryo-EM is ideally suited for exploring the three-dimensional architecture of viruses at
molecular resolution down to sub-nanometer resolution (Chang et al. 2012a) (see Table 1 for
a comparison with other EM techniques). For instance, cryo-EM enabled researchers to
resolve the three-dimensional structure of the SIRV2 virion, revealing that the capsid protein
wraps around the A-form viral DNA, to protect it (DiMaio et al. 2015). Moreover, cryo-EM
revealed that the Acidianus two-tailed virus (ATV) has two types of virion structures—tail-
less and two-tailed virions (Prangishvili et al. 2006c). The hyperthermophilic Aeropyrum coil-
shaped virus (ACV) infects Aeropyrum pernix isolated from a coastal hot spring in Japan and
has a single-stranded DNA genome (Mochizuki et al. 2012). TEM and cryo-TEM revealed
that its virion is a rigid cylinder, a structure that has never been reported before for archaeal
viruses (Mochizuki et al. 2012).

Parallel to cryo-EM, cryo-electron tomography (cryo-ET) has recently emerged as a
powerful tool in the study of viruses and can also be used like cryo-ET for illustrating virus—
host associations. Both techniques are central in terms of determining the high-resolution
structures of several viral assemblies (Luque and Caston 2020). Combining cryo-ET with
subtomogram averaging methods can provide detailed 3D information of the structure of
molecules, viruses, and their viral proteins at sub-nanometer resolution (Briggs 2013; Luque
and Caston 2020; Tu et al. 2017).

Recent advances in cryo-ET revealed various virus—host interactions and states of viral
infections for bacteriophage Epsilon 15 and its hosts Salmonella (Chang et al. 2010), Phi29
and B. subtilis (Farley et al. 2017), T4 and T7 bacteriophages and E.coli (Hu et al. 2015,
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2013), and for the cyanophage P-SSP7 and Prochlorococcus marinus (Liu et al. 2010).
Furthermore, there is a large volume of published studies describing the role of cryo-ET in
investigating archaeal viruses. For instance, the first 3D structure of a Sulfolobus spindle-
shaped virus (SSV1) was achieved with cryo-ET by Stedman et al. (2015) (Stedman et al.
2015). Only one year later, the complete viral entry and egress mechanism of this specific
virus SSV1 was illustrated by using this technique, showing that these mechanisms occur on
the cellular cytoplasmic membrane of the host Sulfolobus shibatae B12 (Quemin et al. 2016).

A structural analysis of the filaments of Acidianus bottle-shaped virions (ABV)
(Héring et al. 2005), the investigations of the tails of AFV3 virions (Vestergaard et al. 2008),
and the structure of the spindle-shaped virus His1 and their structural proteins were analyzed
using cryo-ET and subtomogram averaging (Hong et al. 2015), showing the broad range of
this technique. Another study on archaeal viruses revealed the VAP structure (further
described in Section 3.5) by using subtomogram averaging (Daum et al. 2014). The authors
prepared sections by using the Tokuyasu method (Tokuyasu 1973) and used antibodies for
immunolabeling against protein-forming virus-associated pyramids (PVAP) for TEM analysis
(Daum et al. 2014). This study was the first that used the Tokuyasu method for TEM sample
preparation on prokaryotic viruses, a method that uses a mild chemically fixation, freezing in
sucrose and cutting the sample for cryo-sections. Despite the fact that the Tokuyasu method is
not widely used in the area of prokaryotic viruses, this method has great potential when
combined with CLEM for imaging and 3D structural determination of eukaryotic viruses as
well (Vijayakrishnan et al. 2020).

Overall, electron microscopy has been used for three decades to study the morphology
of viruses from environmental samples. It has proven to be a valuable technique that enables
researchers to study not only the viral abundance in samples but also the details of viral
proliferation, overcoming the limitations of light and fluorescence microscopy (Table 1).
However, EM analyses are not only time-consuming and require more expensive
consumables compared to light microscopy, but the microscopes themselves and their
maintenance are costly. Furthermore, TEM analyses were shown to underestimate viral
abundances due to uneven collection, problems during staining, washing off viral particles,
and the generally low detection limit of the method (Bettarel et al. 2000; Hara et al. 1991;
Noble and Fuhrman 1998). In addition, TEM is not suitable for high throughput sample
analysis like light and fluorescence microscopy. Despite these disadvantages, this imaging
technique has helped to gradually expand our understanding of viral morphology and virus—
host interactions and has contributed significantly to the discovery of many previously
unknown viruses, particularly in complex environmental samples.

4. Shedding Light on Viral Abundances in Ecosystems Using Epifluorescence
Microscopy

Fluorescence microscopy is often used as a first step to investigate viruses in a given
sample. It represents a powerful, cheap, and simple technique (Prata et al. 2012) that enables
researchers to quantify viruses (Table 1). This technique advanced the field of viral ecology
since the former standard assay of determining viral loads via plaque assays (Breitbart and
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Rohwer 2005) required a cultivated host and known culture conditions of the respective
viruses (Prata et al. 2012). Consequently, fluorescence microscopy is now the most frequently
used technique for enumerating VLPs not only in pure cultures but also in environmental
samples.

The first pioneer studies for determining the viral abundance in aquatic ecosystems via
light microscopy were conducted in 1991 (Hara et al. 1991) and 1998 (Noble and Fuhrman
1998). Since then, scientists have applied different fluorescence dyes, such as 4’,6-Diamidin-
2-phenylindol (DAPI) (Hara et al. 1991; Weinbauer and Suttle 1997; Wen et al. 2004), for
enumerating viral particles, each with different advantages and disadvantages. For instance,
T3 and T4 phage lysates and virus-sized particles in a high molecular weight concentrate
(HMWC) of seawater were stained by using DAPI (Proctor and Fuhrman 1992). Because
DAPI has low sensitivity when staining viruses, it was quickly substituted with Yo-Pro-1
(Hennes and Suttle 1995). Yo-Pro-1, a cyanine-based nucleic acid stain, is more stable and
the fluorescence yield and binding coefficient for nucleic acids are higher (Hennes and Suttle
1995; Wen et al. 2004). Furthermore, this dye stains both DNA and RNA (Weinbauer 2004).
When the viral abundance in seawater was determined by using both dyes, DAPI and Yo-Pro-
1, similar estimates were obtained (Weinbauer and Suttle 1997). Another study reported that
Yo-Pro-1 and light microscopy is the “best” method for enumerating viruses (Zimmerman et
al. 2019). Nevertheless, Yo-Pro-1 interferes with aldehyde-based fixatives (Wen et al. 2004);
therefore, it was eventually replaced by SYBR stains (Noble and Fuhrman 1998).

In 1998, a SYBR stain (SYBR Green I) was tested on marine water samples
(containing viruses and bacteria) and was found to be an efficient dye for the field and for lab
cultures (Noble and Fuhrman 1998). SYBR Green I can be used for enumerating viruses,
whereby a brighter fluorescence for viruses compared to stained bacteria can be achieved
(Noble and Fuhrman 1998). Later on, it was also applied to the quantification of micro-algal
viruses, for example, the lytic virus PpV-01 infecting pure cultures of Phaeocystis (Marie et
al. 1999). This enumeration method was also applied to environmental samples from different
oceanic locations (e.g., the English Channel, the Equatorial Pacific, and the Mediterranean
Sea) (Marie et al. 1999). Ample research using this fluorescent dye followed, for instance, for
marine viruses from high turbidity seawater (Sun et al. 2014) and marine sediment samples
(Danovaro et al. 2001; Engelhardt et al. 2014), often combined with flow-cytometry (Chen et
al. 2001; Marie et al. 1999) or confocal laser scanning microscopy (CLSM) (Luef et al. 2009).
CLSM was applied to aggregates from the Danube River (Austria), in which 5.39 x 10°
viruses cm > were found (Luef et al. 2009). The detection of aggregate-associated viruses was
performed with SYBR Green I (Luef et al. 2009) , a stain that is frequently chosen for
estimating viral abundances besides SYBR Gold (Chen et al. 2001). SYBR Gold is more
sensitive than SYBR Green I for staining viruses (Chen et al. 2001). For example, viruses of
surface marine and freshwater environments were investigated by using SYBR Gold (Chen et
al. 2001). Comparisons of virus counts were performed between conventional fluorescence
microscopy and those determined with CLSM, and no significant difference between the
methods was obtained (Peduzzi et al. 2013). However, CLSM is not currently well established
for enumerating viruses (Peduzzi et al. 2013), compared to the commonly applied
epifluorescence microscopy.
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Fluorescence microscopy also has disadvantages; for example, the detection sensitivity
can be low in terms of the dyes (Proctor and Fuhrman 1992) and over-estimations in viral
counts due to artifacts (Forterre et al. 2013). For instance, the presence of gene transfer agents
of membrane vesicles can lead to overestimating the viral load in a sample (Soler et al. 2015).
Moreover, small bacteria may be counted as viral particles (Danovaro et al. 2001); in turn,
large viruses are confounded with microbial cells (Pina et al. 1998), and not every fluorescent
signal corresponds to a real virus (e.g., minerals can cause similar signals) (Weinbauer 2004).
Overestimation, as well as underestimation, can interfere with viral quantification. For
instance, a recent study reported on detection issues of ssDNA viruses when using DNA-
binding stains and fluorescence microscopy, attributable to the genome type (ssDNA) and
small size (Holmfeldt et al. 2012). Besides all these disadvantages, fluorescence microscopy
offers an advantage in terms of speed and costs for sample preparation and analysis, as
compared to EM.

To sum up, the studies mentioned above demonstrate that enumerating viruses by
linking SYBR stains (Noble and Fuhrman 1998) with fluorescence microscopy is currently
the most suitable method for estimating viral abundance in ecosystems. However, the actual
confirmation of a VLP and the virus morphology cannot be studied in detail with light
microscopy; thus, it requires a structure-resolving imaging technique like TEM, atomic force
microscopy (AFM) or helium-ion microscopy (HIM).

S. Enhanced Surface Topography of Virus—Host Interactions Using Helium-Ion
Microscopy

Helium-ion microscopy (HIM), an emerging technology, can be considered an ultra-
high resolution “scanning” microscopy that uses helium atoms to scan the surface of a given
sample (Ward et al. 2006). Similarly to SEM, it can be used to analyze the topography of
biological structures (Leppénen et al. 2017). Sample preparation for HIM is simple, requiring
no staining or embedding, which is a great advantage compared to conventional (S)EM.
Furthermore, HIM has the potential to be used for investigating virus—host interactions
(Leppidnen et al. 2017) in terms of viral adsorption to the host cell and virus egression (Table
1).

To date, there is only one study that has investigated the association between viruses
and their hosts in pure cultures by using HIM (Leppénen et al. 2017). The first step in the
field of bacteriophages was the observation of the interaction of Escherichia coli and T4
phage by using HIM (Leppédnen et al. 2017). Imaging of bacteria—phage interactions is
difficult in terms of resolution limits, sample preparation, and the complexity of currently
used microscopy techniques (Leppédnen et al. 2017). However, HIM enables researchers to
image microcolonies growing on agar plates, thus presenting a new opportunity in the field of
imaging (Leppédnen et al. 2017). For instance, active and individual infections of cells in
plaques on agar plates were illustrated using this technique (Leppdnen et al. 2017). In
addition, the tailed morphology of T4 phages with an icosahedral shape of the capsid head
and attaching phages on E. coli cells (Leppdnen et al. 2017) and their complete lysis stage
were observed. As a side note, bacteria—bacteria interactions (without phages) can also be
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illustrated with HIM, as shown for the model organism Flavobacterium columnare B185
(Leppénen et al. 2017).

HIM application in environmental samples has been so far limited to a single study
(Sharma et al. 2018) (Figure 1). In the aforementioned study, sediments and microbial mats
from Himalayan hot springs were investigated using HIM and SEM to reveal the presence of
tailed and non-tailed icosahedral viruses, and spindle-shaped viruses. This morphological
assessment was supported by viral diversity data inferred from metagenomics.

Overall, HIM has great potential for deciphering viral structures and has the potential
to slowly become a key instrument in the analyses of not only virus—host interactions but also
microbe—microbe interactions. However, helium is a very limited element on our planet
(Smith 2004), and extensive use of HIM might further shorten its availability.

6. Atomic Force Microscopy for Cost-Effective Scanning of Viral Structures

Atomic force microscopy (AFM), invented by Binning et al. in 1986 (Binnig et al.
1986), enables the visualization of the structural characteristics of viruses without pretreating
the sample, similar to HIM. AFM integrates several imaging techniques (Allison et al. 2010),
e.g., scanning ion-conductance microscopy (SICM (Hansma et al. 1989)), scanning
electrochemical microscopy (SECM (Bard et al. 1991)), Kelvin force microscopy (KFM
(Nonnenmacher et al. 1991)), and scanning near-field ultrasound holography (SNFUH
(Shekhawat 2005)). Given this array of techniques, AFM also has several disadvantages,
which include, for instance, the extended time for recording an image compared to
fluorescence microscopy (see Table 1). Furthermore, cell remnants and other debris can
adhere on the AFM tip (as contamination) and may affect the quality of the overall image
(Kuznetsov and McPherson 2011). Other disadvantages comprise forces acting between probe
and sample, which can affect the image resolution (Dufrene 2002). Nevertheless, AFM
currently represents the only technique that can image the surface of living cells at nanometer-
scale and in real-time (Dufrene 2002). Moreover, AFM can also be combined (like EM) with
X-ray diffraction, whereby a crystallized virus for the direct visualization of viral structures is
required (Kuznetsov and McPherson 2011). A recent study demonstrated the potential of
AFM by integrating this technique into a helium-ion microscope (Andany et al. 2020). Until
now, no study on viruses has yet been conducted by using this powerful technical linkage,
which could help characterize novel viruses in various ecosystems.

Using AFM, researchers investigated a variety of different viruses, e.g., plant viruses
(turnip yellow mosaic virus, TYMV (Kuznetsov and McPherson 2006), satellite tobacco
mosaic virus (Kuznetsov et al. 2010a)), algal virus Paramecium bursaria Chlorella virus 1
(PBCV-1 (Kuznetsov et al. 2005b)), and the largest known virus, Acanthamoeba polyphaga
Mimivirus (Kuznetsov et al. 2010b; Xiao et al. 2009). One study focused on important
protocols for the investigation of different bacteria—phage interactions by using AFM
(Dubrovin et al. 2008). This pioneering study includes protocols that span diverse host—phage
systems including E. coli 057 and its lytic bacteriophage A157, Salmonella enteritidis 89 and
its lytic phage 39, and Bacillus thuringiensis 393 and its Vrphage (Dubrovin et al. 2008). The
abovementioned study visualized the ultrastructure of phage particles and compared bacterial
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surfaces in different phases of infection via AFM (Dubrovin et al. 2008). Besides imaging the
outer surface of bacteria in order to detect viral infections, the inside features of, e.g., broken
and intact viral capsids of bacteriophage ®KZ (Matsko et al. 2001), as well as lysed
bacteriophage capsids, e.g., from phage T4 (Kolbe et al. 1992) due to osmotic shock or
surface attachment, were also visualized by using AFM.

Phage—host interactions were also characterized by AFM in direct comparison with
TEM, whereby more intact phages were found via AFM compared to TEM (Dubrovin et al.
2008), due to the fact that AFM provides a three-dimensional format of the image. In
addition, phage DNA (Dubrovin et al. 2008) can also be visualized via AFM, which was also
reported for PBCV-1 (Kuznetsov et al. 2005b) and for phage RNA of several icosahedral
viruses (Kuznetsov et al. 2005a).

These examples demonstrate that extensive research with AFM has been carried out
on phages grown under laboratory conditions; however, no study has—to the best of our
knowledge—used AFM to investigate viruses of environmental samples so far.

To summarize, AFM is an inexpensive method (little maintenance, little costs for
consumables compared to EM, a fairly cheap machine) for studying the presence and
morphology of viruses (Kuznetsov et al. 2001). In general, AFM has different modes (contact
mode, non-contact mode, and tapping mode), making it an ideal tool for studying living
microbial systems in air, liquid, and solid samples (Kuznetsov and McPherson 2011). In
general, AFM cannot replace the functions and information that can be obtained by
light/fluorescence microscopy and EM (Chang et al. 2012b), as it is not as efficient as
light/fluorescence microscopy, nor is its resolution comparable to EM or HIM. However,
AFM provides a cheap and easy-to-use method for obtaining information on the viral
morphology or illustrating the viral surface without complicated sample preparation.

7. Virus Discovery by (Meta)genomics and Microscopy

The majority of microorganisms cannot be cultured under defined laboratory
conditions (Amann et al. 1991; Tyson and Banfield 2005). Therefore, it is not surprising that
the majority of viruses have not been isolated so far, because this requires cultivated hosts
(Munson-McGee et al. 2018). Studying the genetic inventory of complex microbial and viral
communities can be accomplished by metagenomics, particularly if this technique is used to
resolve genomes of populations from the ecosystem (Alneberg et al. 2020; Sharma et al.
2018). Although we demonstrated above that there exists a plethora of literature on studying
viruses in environmental samples using microscopy, only a limited number of studies applied
both environmental genomics of viral communities and respective microscopy techniques
(Sharma et al. 2018; Wegley et al. 2007). In the following section, we discuss studies that
performed metaviromics and microscopy separately, and which did not directly link the virus
genome sequence and the viral morphology from environmental samples.

A recent study focusing on the hottest terrestrial geothermal spring in South Africa
applied the combination of fluorescence microscopy, electron microscopy, and metagenomics
(Zablocki et al. 2017). EM analysis on 74 VLPs revealed tailed bacteriophages of the order
Caudovirales (Zablocki et al. 2017). The metagenome of this spring included a highly
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abundant cyanophage genome and a genome fragment of a virus likely infecting Gemmata
(Zablocki et al. 2017). However, the three methods were not linked; for instance, fluorescence
microscopy was not applied on the exact same field of view as electron microscopy. Also, the
visualization was not directly linked with genome information, which also applies to the
following studies.

In another study, the viral diversity of Manikaran hot springs was investigated by
using metagenomic profiling and SEM, revealing archaeal viruses with different
morphotypes, mainly belonging to the Fuselloviridae family (Sharma et al. 2018). Four
metagenomes from sediment samples of the hot spring were analyzed, by which 59 different
archaeal viruses (including Fuselloviridae, Siphoviridae and Podoviridae) of varying
abundances were identified. Two additional metagenomes of microbial mat samples aided in
reconstructing another 65 bacteriophage genomes (Sharma et al. 2018). These studies
highlight the general bottleneck in environmental viromics; viral morphology can provide
only limited insight into virus taxonomic diversity (Brum et al. 2013), while the physiological
characteristics of viruses can barely be extrapolated from their genetic sequences (Malki et al.
2015).

The first step in linking viral genomic information and morphological analyses from
EM was recently performed in a study set out with the aim of investigating the microbial and
viral diversity of five deep terrestrial subsurface locations (hydraulically fractured wells)
(Daly et al. 2019). Halanaerobium spp., the most common species in this ecosystem, was in
situ actively predated by viruses, as revealed by studying infection histories based on the
host’s CRISPR array (Daly et al. 2019). Viral genomic data revealed 50 viruses with a
putative lysogenic lifestyle and 3 integrated prophages identified in isolate genomes of
Halanaerobium retrieved via cultivation (Daly et al. 2019). The lysis of the cultivated
Halanaerobium WG8 by its tail-less virus (burst size: 61 viruses per lytic event) was
visualized by TEM (Daly et al. 2019) , representing an indirect linkage of metagenomics and
TEM via cultivation assays.

Taken together, studies that used metagenomics and microscopy demonstrate the great
potential of these techniques regarding the analysis of the uncultivated majority of viruses.
Furthermore, linking these two technologies, i.e., assigning infections or ultrastructure to
genomic information, could further bolster our understanding of viral ecology; the
abovementioned studies only realized this by cultivating the respective host.

8. A Promising Technique for Linking Environmental Genomics to Fluorescence
Microscopy of Viruses

8.1. Fluorescence In Situ Hybridization (FISH) for Tracking Virus—Host Interactions

FISH uses genomic sequence information for probe design in order to identify
biological entities in fluorescence microscopy (Allers et al. 2013). At the same time, this
method also enables the quantification of microorganisms in samples (Danovaro et al. 2016;
Teira et al. 2004) (Figure 1). In microbial ecology, FISH is widely used for the identification
of microorganisms based on the ribosomal RNA of the small subunit (16S rRNA) (Amann et
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al. 2001). In addition, several other FISH methods targeting rRNA, mRNA, and DNA have
been developed (Allers et al. 2013; Barrero-Canosa et al. 2017; Kenzaka et al. 2010) (see
Table 1).

Consequently, the idea of targeting viruses with oligonucleotide probes in FISH
received much attention in recent years, as it would—in theory—enable researchers to
visualize uncultivated viruses in their environment and determine their infection rate. A gap
of knowledge relates to the linkage of genomic sequences to the morphology of uncultivated
or previously unexplored viruses, the infection stages of their hosts, the viral lifestyle (lytic or
lysogenic cycle), and virus enumeration in ecosystems. To perform such linkage, coupling
FISH with TEM/HIM could help by filling these research gaps. However, the major
bottleneck for studying viruses is the FISH protocol itself (e.g., the permeabilization of the
cells) because the sample preparation tends to destroy the ultrastructure of microbial cells
(Knierim et al. 2012) and probably the viral morphology as well. Nevertheless,
permeabilization is crucial in FISH since permeabilization of the cells allows the labeled
oligonucleotides to diffuse through the cell envelope (Amann and Fuchs 2008).

Nowadays, different FISH methods exist for detecting viruses, e.g., cycling primed in
situ amplification-FISH (CPRINS-FISH) (Kenzaka et al. 2005) was developed for detecting
individual genes in a bacterial cell, which was then optimized to visualize viral DNA and
phage-mediated gene transfer in freshwater environments (Kenzaka et al. 2010). More
recently, scientists developed PhageFISH (Allers et al. 2013) as an optimized technique of
GeneFISH (Moraru et al. 2010). PhageFISH enables the visualization of viral infections from
the early stage of infection to bursting cells (Allers et al. 2013). This type of method was
further extended to eukaryotic microorganisms. For instance, the infection process of the
eukaryotic algae Ostreococcus lucimarinus by Prasinoviruses was studied, whereby 200
infected cells with different stages of infection were counted (Zimmerman et al. 2019). In this
study, virus-attached cells (viral signals detected on the margin of host signals), infected cells
(the overlapping of virus and host signals), and lysed cells (concentrated viral signals and lost
host signals) were observed (Zimmerman et al. 2019). More recently, PhageFISH and direct-
geneFISH (Barrero-Canosa et al. 2017) were combined for applying virusFISH on the
unicellular green algae Ostreococcus tauri and its virus Ostreococcus tauri 5 (OtVS5) to
monitor viral infections in pure cultures (Castillo et al. 2020). Furthermore, a new approach
called Virocell-FISH (Vincent et al. 2020) showed the interaction of a giant virus chasing its
host Emiliania huxleyi, an alga that is part of the ocean’s biomass (Kenzaka et al. 2005).
Consequently, there exists a great array of potential FISH methods for targeting viruses,
whose potential has not yet been leveraged for exploring viral communities and their
dynamics in ecosystems.

8.2. Coupling of Metaviromics with Fluorescence In Situ Hybridization
Although the knowledge gained through the variety of available microscopy
techniques is astonishingly high regarding viruses in general, coupling meta-omics techniques

with microscopy appears to be a major challenge and is consequently not frequently
represented in the literature (see Figure 1). While some research has been carried out
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regarding metaviromics and microscopy separately (mentioned in the previous section), there
have been few studies that coupled both techniques directly. Crucial information for the
design of probes that detect viruses in FISH results from metaviromics and thus aids in
designing the detection of viruses in, e.g., phageFISH (Allers et al. 2013). The linkage of
metaviromics with imaging techniques was first described and performed for an
environmental sample by Hochstein et al. (2016) (Hochstein et al. 2016). They identified a
new archaeal Acidianus tailed spindle virus (ATSV, host: Acidianus hospitalis W1) with a
70.8 kb circular dsDNA viral genome in an acidic hot spring (Alice Spring) in the
Yellowstone National Park (Wyoming, USA) (Hochstein et al. 2016). They sequenced the
viral genome and designed probes to identify the virus within the ecosystem and confirmed
this after isolating the virus and visualizing the ATSV virus particles in TEM as large,
spindle-shaped virions (Hochstein et al. 2016). A comparative study also used genomic
information to perform FISH targeting a viral genome in an enrichment culture (Wagner et al.
2017). An archaeal Metallosphaera turreted icosahedral virus (MTIV) (Wagner et al. 2017)
was isolated from an acidic hot spring in the Yellowstone National Park (USA), and its
icosahedral morphology was illustrated via TEM, cryo-electron tomography, and single-
particle analysis. In order to verify their virus—host prediction, direct viral FISH
(Barrero-Canosa et al. 2017) was performed on Metallosphaera yellowstonensis cultures
(Wagner et al. 2017).

A recent investigation on the relationship of subsurface viruses targeting abundant
primary producers (here Altiarchaeota) was conducted by Rahlff et al. (2021) (Rahlff et al.
2021). Intracellular and extracellular localizations of various stages of viral infections in
Altiarchaeota biofilms by using virusFISH (Rahlff et al. 2021), a modified version of direct-
geneFISH (Barrero-Canosa et al. 2017), were detected (Figure 2). Super-resolution
microscopy was also performed on the Altiarchaeota biofilms, resulting in a better resolution
of the viral infections (Rahlff et al. 2021) and representing the first time a super-resolution
microscopy was used for the study of virus-infected cells. Applying direct-geneFISH on
multiple samples from the ecosystem, the authors showed that the genome sequence detected
by metaviromics belongs to a lytic virus and thus challenged a standing paradigm that the
subsurface is mostly populated by lysogenic viruses.

Another example of coupling virusFISH with metagenomics was represented by
replicating a lysogenic phage in a marine sponge holobiont (here Aplysina aerophoba) (Jahn
et al. 2021). In this study, a new in situ microscopy approach called ‘PhageFISH-CLEM’ was
developed that is based on a combination of imaging and bioinformatics for investigating
virus—host interactions, providing new insights into virus ecology within marine sponges
(Jahn et al. 2021). Phage-FISH-CLEM results showed phages within bacterial symbiont cells
and in phagocytotic active sponge cells, indicating that lysogeny dominated this sponge
microbiome (Jahn et al. 2021). For the first time, phageFISH was coupled directly with EM
and enabled researchers not only the quantification of viruses but also the visualization of
virus—host associations originally predicted from metagenomic data.
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9. Conclusions

Viruses are a central component of Earth’s biome and shape complex microbial
communities and are crucial for ecosystem functioning (Anderson et al. 2013). Studying these
tiny microbial predators in natural environments is necessary because so few of them can be
cultivated under laboratory conditions. Over the last five decades, researchers have used
microscopy to discover different viral lifestyles along with unique morphologies to
demonstrate active viral infections across all domains of life. Research to date has
consistently shown that viruses can be detected with various imaging techniques
(epifluorescence microscopy, EM, CLEM, AFM, HIM). Applying metaviromics and
microscopy, researchers have so far discovered only a small portion of the genetic and
morphological diversity of viruses on our planet.

Tremendous advances have been made not only in the field of microscopy by
developing higher resolution instruments, improved staining methods, and novel labeling
strategies for FISH analyses, but also in the field of in-silico analyses of viromes for detecting
sequences of novel viruses (VirSorter (Roux et al. 2015), VirFinder (Ren et al. 2017), Vibrant
(Kieft et al. 2019)). The huge sequence data sets obtained through metagenomics and
viromics, which, in particular, facilitate the development of new FISH probes that are
essential for studying more and previously unexplored viruses in environments (Allers et al.
2013; Hochstein et al. 2016). Development of these technologies will in the future not only
lead to the visualization of other novel viruses but could also lead to an improved
understanding of the role viruses play in environmental communities, by, e.g., quantifying
viral infections in environmental samples.

We propose that linking (meta)viromics and FISH to AFM, HIM, and EM, i.e.,
correlative light and electron microscopy (CLEM), for environmental samples will reveal the
morphology of uncultivated viruses that have only been identified on a sequence basis so far.
The plethora of different viral morphologies, particularly in the realm of archaeal viruses,
promises many fascinating insights into viral diversity once CLEM becomes more applicable
to ecosystems. For viruses that cannot be imaged via CLEM, there exists the possibility of
identifying novel capsid proteins via proteomics of viral fractions followed by recombinant
expression of the proteins and antibody generation for immunogold labeling in TEM (Hills et
al. 1987). The overview as well as the new perspectives presented in this study will hopefully
aid other researchers in the exploration of the morphology of cultivated and yet-to-be
cultivated viruses on our planet in order to better understand their diversity and functioning in
Earth’s biomes.
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Abstract

The continental subsurface houses a major portion of life’s abundance and diversity,
vet little is known about viruses infecting microbes that reside there. Here, we use a
combination of metagenomics and virus-targeted direct-geneFISH (virusFISH) to show that
highly abundant carbon-fixing organisms of the uncultivated genus Candidatus Altiarchaeum
are frequent targets of previously unrecognized viruses in the deep subsurface. Analysis of
CRISPR spacer matches display resistances of Ca. Altiarchaea against eight predicted viral
clades, which show genomic relatedness across continents but little similarity to previously
identified viruses. Based on metagenomic information, we tag and image a putatively viral
genome rich in protospacers using fluorescence microscopy. VirusFISH reveals a Iytic
lifestyle of the respective virus and challenges previous predictions that lysogeny prevails as
the dominant viral lifestyle in the subsurface. CRISPR development over time and imaging of
18 samples from one subsurface ecosystem suggest a sophisticated interplay of viral
diversification and adapting CRISPR-mediated resistances of Ca. Altiarchaeum. We conclude
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that infections of primary producers with Iytic viruses followed by cell lysis potentially jump-
start heterotrophic carbon cycling in these subsurface ecosystems.

1. Introduction

Earth’s continental subsurface harbours 2-6 x 10%° prokaryotic cells (Flemming and
Wuertz 2019; Magnabosco et al. 2018), which represent a major component of life’s diversity
on our planet (Anantharaman et al. 2016; Hug et al. 2016). Among these organisms are some
of the most enigmatic archaea, including Aigarchaeota, Asgard archaea, Altiarchaeota and
members of the DPANN radiation (Castelle et al. 2015; Nunoura et al. 2011; Probst et al.
2014b; Zaremba-Niedzwiedzka et al. 2017). Although the ecology and diversity of subsurface
microorganisms has been under investigation in several studies, the fundamental question
relating to how microbial diversity and composition in the deep subsurface change with virus
infection remains mostly unanswered. Viruses have long been recognized as major drivers of
microbial diversification (Weinbauer and Rassoulzadegan 2004), yet little is known about
their lifestyle, activity and impact on oligotrophic subsurface ecosystems. Recent evidence
demonstrated high numbers of virus-cell ratios in marine subsurface sediments (Engelhardt et
al. 2014), suggesting ongoing viral proliferation in the deep biosphere. In oceanic surface
sediments below 1000 m depth, virus-mediated lysis of archaea was estimated to be a major
contributor to carbon release thus affecting global biogeochemical cycles (Danovaro et al.
2016). In addition, pronounced morphological diversity of bacteriophages with presumably
lytic representatives has been found in granitic groundwater of up to 450 m depth (Kyle et al.
2008), and might be the result of recombination events, horizontal gene transfer and lysogeny
known to shape microbial communities of the subsurface (Labonté et al. 2015). The recent
recovery of two novel bacteriophage genera with lytic genes from groundwater highlights the
potential of subsurface environments for being huge reservoirs of previously unknown viruses
(Hylling et al. 2020). Furthermore, a study on predominant Halanaerobium spp. from
anthropogenic subsurface communities (hydraulically fractured wells) suggested long-term
host-virus dynamics, extensive viral predation and adaptive host immunity based on clustered
regularly interspaced short palindromic repeats (CRISPR) spacer to protospacer matches
(Daly et al. 2019). CRISPR systems function as defense mechanisms for bacteria and archaea
against mobile genetic elements (MGEs), including viruses (Horvath and Barrangou 2010).
The CRISPR locus is usually flanked by cas genes and interspaced by short variable DNA
sequences termed spacers (Horvath and Barrangou 2010) previously acquired from invading
MGE:s. The diversification of CRISPR-Cas immunity in the host over geographical distances
and time due to preceding viral infections and protospacer mutations has been well-
documented, e.g., for Sulfolobus islandicus (Pauly et al. 2019b).

Oligotrophic anaerobic subsurface environments can be populated by a variety of
different microorganisms, some of them belonging to the phylum Altiarchaeota (Probst et al.
2014b, 2018). In fact, these organisms can reach high abundances in their ecosystems with up
to 70% of the total community in the aquifer or with up to 95% within the biofilm (BF) they
form (Henneberger et al. 2006; Probst et al. 2013). Members of the genus Ca. Altiarchacum—
the best-studied representative being Ca. A. hamiconexum (Probst et al. 2014b)—occur in
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anoxic subsurface environments around the globe (Bird et al. 2016; Hernsdorf et al. 2017) and
fix carbon via the reductive acetyl-CoA (Wood-Ljungdahl) pathway (Probst et al. 2014b). In
certain ecosystems, Ca. Altiarchaeca form nearly pure BFs, which are kept together by
filamentous cell surface appendages called hami (singular: hamus) (Moissl et al. 2005).
Studies to date demonstrated symbiotic relationships of Ca. Altiarchaea with bacterial
partners Thiothrix sp. (Rudolph et al. 2001), and Sulfuricurvum sp. (Rudolph et al. 2004), but
also a co-occurrence with the episymbiont Ca. Huberiarchaeum crystalense, belonging to the
DPANN clade, has been recently reported (Probst et al. 2018; Schwank et al. 2019). A single
transmission electron micrograph and the presence of CRISPR systems led to speculations on
the existence of Ca. Altiarchacum viruses in the subsurface (Probst and Moissl-Eichinger
2015). However, mesophilic archaeal viruses from the deep terrestrial subsurface remain
highly enigmatic, despite the fact that mesophilic archaeal genomes contain more MGEs than
their thermophilic counterparts (Makarova et al. 2014). The knowledge gap on archaeal
viruses is fostered by a lack of their genome entries in public databases (Vik et al. 2017),
missing marker genes for viruses (Anderson et al. 2013) and a bias towards viruses related to
economical, medical or biotechnological activities (Rodrigues et al. 2017). In addition, only
~150 archaeal viruses have been isolated and described to date (Munson-McGee et al. 2018).
Recent exhaustive metagenomic surveys aided the discovery of novel archaeal viruses (Paez-
Espino et al. 2016) from multiple ecosystems, including the ocean (Philosof et al. 2017;
Ahlgren et al. 2019), hot springs (Gudbergsdottir et al. 2016; Zablocki et al. 2017; Munson-
McGee et al. 2019) and soils (Emerson et al. 2018; Trubl et al. 2018), and eventually allowed
targeting and visualization of an uncultivated virus based on its genome (Hochstein et al.
2016). More recently another correlative phageFISH imaging approach was used to visualize
bacteriophages within sponge tissue (Jahn et al. 2021).

Due to their world-wide distribution and high abundance as the main primary producer
in certain continental subsurface ecosystems, Ca. Altiarchaea represent the ideal model genus
for studying viruses and their infection mechanisms of mesophilic microorganisms in the
subsurface. This is especially relevant because the extent to which lytic infections occur in the
continental subsurface is unknown, and lysogeny is assumed to be the predominant viral
strategy (Anderson et al. 2011). In this work, we use metagenomics to predict viruses that
infect Ca. Altiarchaea in subsurface ecosystems at four different sites across three continents
(Europe, Asia, North America). Using virus-targeted direct-geneFISH (virusFISH), we
visualize and characterize the most abundant putative virus from a sulfidic spring in Bavaria,
Germany, providing novel insights into the lytic lifestyle of an uncultivated virus, whose
genome shows little homologies with sequences in public databases and carries no viral
hallmark genes. Our analyses further demonstrate the diversification of CRISPR systems of
Ca. Altiarchaea along with a decline in virus abundances over six years. We conclude that the
kill-the-winner theorem can play an important role in evolutionary and ecosystem processes
of the deep biosphere.
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2. Results

Globally distributed Ca. Altiarchaea have complex CRISPR systems with conserved DR
sequences

Screening of 16S ribosomal RNA (rRNA) datasets and metagenomes within IMG
(Chen et al. 2019a) confirmed a global distribution of organisms belonging to the phylum
Altiarchaeota (Figure 1). We performed metagenomic analyses of four terrestrial subsurface
ecosystems ranging from 37 to 352 m below ground that showed high abundance of the genus
Ca. Altiarchaeum (Supplementary Table 1), previously also termed Alti-1 (Bird et al. 2016).
These ecosystems included i) an anoxic aquifer accessible through an artesian well
(Miihlbacher Schwefelquelle, Isling, MSI) (Rudolph et al. 2004) sampled in 2012 and 2018,
and ii) a high-CO» geyser (Geyser Andernach, GA) (Bornemann et al. 2020a) both located in
Germany, iii) a sulfidic spring in the US (Alpena County Library Fountain, ACLF) (Sharrar et
al. 2017), and iv) a deep underground laboratory in Japan (Horonobe Underground Research
Laboratory, HURL) at 140 and 250 m depth (Hernsdorf et al. 2017). All eight genomes of
Ca. Altiarchaeum (Supplementary Data 1) carried genetic information for Type [-B-CRISPR-
Cas immunity including proteins Cas5, Cas7, Cas8a. Although other Cas proteins were also
present in the assembly but remained unbinned, we were able to confirm the presence of Cas3
(Supplementary Data 1) and Cas6 (Probst et al. 2014b) on scaffolds with the taxonomic
annotation of Altiarchaea for the MSI site. Proteins of a Type III CRISPR-Cas immunity were
found at the ACLF, HURL, and MSI site, including Repeat Associated Mysterious Proteins
(RAMP, Cmr) of Type III-B and III-C, and Csm proteins of the Type III-A system
(Supplementary Data 1). Confidence in binning CRISPR arrays and assigning direct repeat
(DR) sequences to Ca. Altiarchaea arose from the 16 to 146-fold higher abundance of these
organisms (and their CRISPR arrays) in the ecosystems than other microbes (Supplementary
Figure 1 (Hernsdorf et al. 2017; Probst et al. 2014b; Sharrar et al. 2017)). Additionally, two
versions of a CRISPR DR sequence assigned to Ca. Altiarchaea were highly conserved across
these ecosystems (Supplementary Figure 2, Supplementary Data 1). DR sequence 1 occurred
in all four ecosystems, whereas DR sequence 2 was only found at the HURL and the ACLF
site (Supplementary Data 1). While all DR sequences from the four sites were previously
unknown in the CRISPRmap database, DR sequence 1 in orientation 1 and DR sequence 2 in
both orientations structurally resembled motif 13 and 12 of the database, respectively. All
four sequences form thermodynamically favorable secondary structures and carry an AAA(N)
motif (Supplementary Figure 2), indicating that both strands of the CRISPR array could
theoretically be transcribed.
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Figure 1: Global distribution of abundant Altiarchaeota (group Alti-1) and their predicted viruses in
Altiarchaeota hot spots. Distribution analysis is based on 16S rRNA gene sequencing (yellow dots) and the
detection of hamus genes in metagenomes from IMG (blue and purple dots). Purple dots correspond to the four
investigated sites of this study. Normalized host and virus coverage are given for the four subsurface habitats:
Alpena County Library Fountain (ACLF, Michigan, USA), Horonobe Underground Research Laboratory
(HURL, Japan), Miihlbacher Schwefelquelle, Isling (MSI, Germany), and Geyser Andernach (GA, Germany).
Percent relative abundance of dominant Altiarchaeota compared to other community members is shown in
Supplementary Table 1. Only Altivir 1 MSI and Altivir 2 MSI obtained from biofilm (BF) samples are shown.
The letter C indicates circular genomes. n.d. none detected. World map has been generated using Ocean Data
View v.5.3.0 (Schlitzer 2015). Color explanation of bars representing normalized coverage: orange-
red=Altivir 1 MSI  (virus), blue=Altivir 2 MSI, purple=Altivir 3 ACLF, rose=Altivir 4 ACLF,
brown = Altivir 5 ACLF, light blue= Altivir 6 ACLF, green= Altivir 7 ACLF, and black = Altiarchaeota
(host).

Eight novel viral clades with genome relatedness across continents show infection
histories with Altiarchaeota

Using matches of Altiarchaeota spacers to protospacers, we were able to identify 13
predicted viral genomes (termed Ca. Altiarchaeum virus Altivir #, here further referred to as
Altivir # for short) in three out of the four sampling sites (Supplementary Table 2). No
viruses targeted by Ca. Altiarchaea spacers could be predicted for GA and the HURL sites at
140 m depth. Only two out of the 13 predicted viral genomes, i.e., the 20.8-kb long
Altivir 2 MSI BF 2012 and the 22.6-kb long Altivir 8 HURL, had hits in the Virus
Orthologues Groups database (VOGDB, Supplementary Table 2), carried viral hallmark
genes and were circular, prompting us to classify them as viruses. The others were designated
as putative viruses according to our classification scheme (Supplementary Figure 3). All 13
(putative) viruses were categorized as lytic viruses according to VirSorter (Roux et al. 2015).
Four predicted viruses were circular and thus complete in their genome sequence (Figure 1,
Supplementary Table 2). The 13 viral genomes formed eight monophyletic clades based on
VICTOR analysis (Figure 2), representing potentially eight individual genera (VICTOR
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threshold for genus was 15.8% nucleotide based intergenomic similarity). Viral genomes in
the Altivir 1 MSI and Altivir 2 MSI clades were recovered in all sampled time points from
the MSI site (Supplementary Table 2), both in the cellular and virus enriched fractions. The
Altivir 2 MSI genomes recovered from the virus enriched fraction (MSI <0.1um_2018)
were fragmented and thus excluded from further analysis. Intergenomic pairwise similarities
for the four Altivir 1 MSI varied between 99.3-99.7% (Supplementary Figure 4), this clade
representing a single viral species (the threshold for species demarcation was 95% similarity).
The three Altivir 2 MSI genomes had similarities between 87.0-96.1% and represented two
viral species (Supplementary Figure 4). Using vConTACT, Altivir 1 MSI formed a cluster
with Altivir 6 ACLF, a putative virus from ACLF, with whom it shared five protein clusters
(Figure 2, Supplementary Figure 5). This relatedness between viruses from highly distant
subsurface ecosystems was further supported by the VICTOR analysis, which placed them in
the same monophyletic clade (Figure 2). All remaining viruses apart from Altivir 1 MSI,
Altivir 2 MSI, and Altivir 6 ACLF were designated by vConTACT as unclustered
singletons. Only one protein cluster was shared between Altivir 2 MSI, Altivir 4 ACLF,
and Altivir 8 HURL, and no protein clusters between the remaining three viruses, indicating
that all these viruses are distant from each other (Figure 2). In total, these eight viral genera
were affiliated to seven vConTACT viral clusters (Altivir 1 MSI/Altivir 6 ACLF grouped
together), which were unrelated with previously published viral genomes in the RefSeq94
database according to vConTACT criteria (Supplementary Figure 5). However, based on the
phylogenetic analysis of the DNA polymerase B (for detailed annotations of viral proteins
please see below; Supplementary Figure 6), Altivir 2 MSI is likely related to Tectiviridae, a
dsDNA virus family in the Varidnaviria realm. The presence of a capsid portal protein in
Altivir 4 ACLF (Supplementary Figure 7), a major tail tube protein in Altivir 7 ACLF
(Supplementary Figure 8), and a terminase as well as a portal protein in Altivir § HURL
(Supplementary Figures 9) indicate that these three viruses belong to the Duplodnaviria
realm. Phylogenetic analysis of the aforementioned proteins suggests that Altivir 7 ACLF
and Altivir 8 HURL potentially belong to the Caudovirales order. Altivir 4 ACLF is
distantly related to eukaryotic viruses from Herpesvirales, suggesting a relationship with the
known Caudovirales.
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Figure 2: Phylogenomic genome-BLAST distance phylogeny (GBDP) tree of Ca. Altiarchaeum viruses and
viral proteins clusters. a The tree was inferred using the distance formula DO yielding average support of 69%.
The numbers above branches are GBDP pseudo-bootstrap support values from 100 replications. The branch
lengths of the resulting VICTOR (Meier-Kolthoff and Goker 2017) trees are scaled in terms of the respective
distance formula used. The tree shows that the eight predicted viral genomes were assigned to the same family,
to eight different genera, and ten species (which is the result of having multiple genomes included for
Altivir 1 MSI  and  Altivir 2 MSI). b Protein clustering across all viruses revealed that
Altivir 1 MSI >0.1 pm 2018 and Altivir 6 ACLF, originating from different continents, have five protein
clusters (2—6) in common. Altivir 2 MSI BF 2012, Altivir 4 ACLF, and Altivir 8 HURL shared only one
protein cluster (1). Open reading frames of the viral genomes were predicted using Prodigal v.2.6.3 (Hyatt et al.
2010) and further translated with the R package seqinr v.3.6.-1. Colors indicate shared protein clusters between
genomes and numbers show nonhypothetical consensus annotations according to Supplementary Data 3. Color
code for wviral genomes: Altivir 1 MSI=black, Altivir 2 MSI=blue, Altivir 3 ACLF =yellow,
Altivir 4 ACLF =pink, Altivir 5 ACLF =orange, Altivir 6 ACLF =olive-green, Altivir 7 ACLF = pink-red,
and Altivir 8 HURL =purple.

Comparing the genomes of Altivir 1 and Altivir 2 individually across the samples
from 2012 and 2018, we identified different developments of the two viral genomes.
Altivir 2 MSI clade presented gene content variations between the genomes from different
samples (Supplementary Figure 10), which agrees with the fact that it represents two viral
species. By contrast, Altivir 1 MSI accumulated multiple single nucleotide polymorphisms
(SNPs) and only represented strain level variations of the same species (Supplementary
Figure 10, Supplementary Data 2).

Host-virus ratios (considering Ca. Altiarchaeum to be the host) based on metagenome
read mapping varied greatly (between 1.8 and 301.9; Supplementary Table 2) with the
smallest ratios of 1.8 for Altivir 8 HURL, followed by 2.3 for Altivir 1 MSI >0.1um 2018,
2.8 for Altivir 2 MSI >0.1pm_2018 and 3.0 for Altivir 1 MSI BF 2012. Abundance of in
the planktonic fraction (>0.1um) suggests high concentrations of Ca. Altiarchacum BF on the
0.1 um filter membrane during the filtration process. Relative abundance of viruses based on
normalized coverage ranged Dbetween 9 (Altivir 1 MSI BF 2018) and 913
(Altivir 8 HURL, Figure 1, Supplementary Table 2). The genomes of Altivir 2 MSI
BF 2018 and Altivir 8 HURL carried short CRISPR arrays with one spacer each, but
spacers from these mini-CRISPR arrays did not match other viruses in the respective
ecosystems.
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Several viral proteins could be functionally annotated (see Figure 2B, Supplementary
Table 2, Supplementary Data 3), belonging mostly to the circular Altivir 8 HURL genome.
Altivir 8 HURL, bearing 36 genes, encoded for an auxiliary metabolic gene (AMG), namely
the phosphoadenosine phosphosulfate reductase (PAPS, CysH) (phmmer, e value: 6.1e-48),
which probably facilitates assimilatory sulfate reduction in the host, and is a common AMG
of many viruses (Kieft et al. 2021). Altivir 1 MSI, of particular interest for this study
because it was highly abundant in the MSI BF-2012 metagenome, recruited many spacer hits
and only 2 out of its 14 proteins could be annotated with enough certainty (Figure 2,
Supplementary Table 2, Supplementary Data 3). These included a nuclease and a
geranylgeranyl transferase. In sum, only 11.9% of the 159 proteins across all Altivir genomes
have a putative function assigned rendering the remaining genes of yet unknown function as
genetic dark matter (Figure 2, summary of annotations in Supplementary Table 2).

VirusFISH reveals a lytic lifestyle for Altivir_1_MSI

We selected the in silico predicted Altivir 1 MSI viral clade for visualization by
virusFISH, due to its high abundance at the MSI site, and despite the lack of viral hallmark
genes. VirusFISH with a probe containing eleven double stranded polynucleotides was
successfully implemented to visualize the distribution of the circular genome of
Altivir 1 MSI within altiarchaeal BF (Figure 3A, Supplementary Figure 11). In contrast to
the negative control with a non-matching probe (Supplementary Figure 12), our target probes
enabled us to detect altiarchaeal cells containing Altivir 1 MSI. Multiple cells were
surrounded by halo signals, corresponding to a viral burst (Allers et al. 2013) and providing
evidence for Altivir 1 MSI being an active virus and lysing Altiarchaeota cells.

62



II1. Publications

b

Adsorption
of the virus
to the

host cell

43| 8.5%

Advanced
infection

Viral lysis

Figure 3: Visualization and quantification of Ca. Altiarchaeum virus Altivir_1_MSI-infected and
noninfected Altiarchaeota biofilm (BF) cells from MSI site. For all virusFISH experiments shown here, an
Altivir 1 _MSI probe was used for detecting viral infections. BF material was visualized with filter sets for DAPI
(blue, cells), ATTO 488 (purple, 16S rRNA signal), and Alexa 594 (yellow, viral genomes), and merged for
analysis and display purposes. a VirusFISH displays the interactions between Altiarchaeota cells and their virus
shown as yellow dots. For unmerged imaging data, see Supplementary Fig. 11. Scale bar: 10 um. b Different
infection stages with Altivir 1 MSI. The enumeration performed with a regular epifluorescence microscope was
based on 18,411 archaeal cells and categorized into three infection stages. For the categorization we used in total
18 Altiarchaeota biofilms, whereby 17 biofilms were treated with the Altivir 1 MSI probe (n=17) and one
biofilm was treated with a Metallosphaera sp. virus probe (n=1). Purple arrows indicate exemplary viruses that
attach to host’s cell surface, white arrows show advanced infections, and orange arrows bursting cells with free
viruses. Scale bars: 2 um. ¢ Coupling virusFISH with structured illumination microscopy showed extracellular
signals of tiny fluorescently labeled viral particles attaching to Altiarchaeota’s cell surface but also in a free state
as presumably released virions (n=1). Scale bar: 2 pm. d Transmission electron microscopy revealed
intracellular virus-like particles (n=3). Scale bar: 100 nm.

A total of 18 411 altiarchaeal cells and 502 viral infections (co-localization of
Altivir 1 MSI and Ca. Altiarchaea signals) across 18 samples/BF flocks were analyzed via
fluorescence microscopy and categorized into three main infection stages: i) viral adsorption
to the host cells (8.5%), ii) advanced infection with intracellular virus signals and ring-like
signals around the cells (76.5%), and iii) cell lysis with bursting cells and release of virions
(15%) (Figure 3B). Super-resolution microscopy further showed extracellular signals of small
fluorescently labeled particles, which we interpret as individual viral particles (Figure 3C).
This observation was further supported by ultra-thin sectioning and transmission electron
microscopy, which revealed many intracellular virus-like particles associated with
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Ca. Altiarchaea cells. These particles had an average diameter of 50 nm (SD + 7 nm), as
measured across eleven host cells (Figure 3D). The high percentage of cell lysis associated
with the virus signals along with the high abundance of the virus in the planktonic and viral
fraction suggests a lytic lifestyle for Altivir 1 MSI.

Spatio-temporal heterogeneity of predicted infections and CRISPR-Cas mediated
immunity of Ca. Altiarchaea

To investigate the development of virus immunities over time, we compared the
publicly available metagenome from MSI (taken in 2012) to a newly sequenced BF sample
from 2018. We also analyzed the planktonic microbiome (>0.1 pm) and a viral fraction
(<0.1 um), i.e., after 0.1 pm filtration and FeCls precipitation. We compared the change in
relative abundance (normalized coverages) of Ca. Altiarchaeum, Altivir 1 MSI,
Altivir 2 MSI and Ca. Altiarchaeum CRISPR spacers across these samples (Figure 4) with
Ca. Altiarchaeum being the most dominant microbe in each sample (Figure S1). While the
planktonic microbiome showed a tremendous diversity based on 7pS3 sequences (238
different organisms, Figure 4), the diversity was quite restricted with 19 and 17 organisms in
MSI BF 2012 and MSI BF 2018, respectively. Please note that there is a difference
between the number of organisms detected in the rank abundance curves (Supplementary
Figure 1) and those reported in Figure 4 as the latter were normalized to read abundance to
ensure comparability.
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Figure 4: Development of host—virus and spacer dynamics from 2012 to 2018 based on metagenomics from the
Miihlbacher Schwefelquelle, Isling (MSI). Predicted viruses Altivir 1 MSI and Altivir 2 MSI became less
abundant from 2012 to 2018. Data are presented for biofilms (BF) from 2012 and 2018 as well as the planktonic
fraction (>0.1 um) and the viral fraction (<0.1 um). Considering the BFs, total spacer abundance and numbers
increased from 2012 to 2018 while those matching Altivir 1 MSI decreased in abundance but increased in
numbers. Number (no.) of microbial taxa refers to the number of different prokaryotes in a sample detected via
rpS3 rank abundance curves (normalized by sequencing depth). Host—virus ratio is calculated from host and
virus coverage based on read mapping. Abundance and number of different spacers were normalized to
minimum relative abundance (rel. abd.) of the host based on read mapping. Color definition of bars:
violet =number of microbial taxa, orange-red =features of Altivir 1 MSI, blue = features of Altivir 2 MSI,
black =1og10 relative abundance of Altiarchaeum, ocher = number of all spacers, and purple = abundance of all
spacers.

Both predicted viral genomes (Altivir 1 MSI BF 2012, Altivir 2 MSI BF 2012)
declined in abundance when comparing the BF sample from 2018 to the sample from 2012,
and at the same time the host:virus ratio increased (Figure 4). While Altivir 1 MSI was more
abundant in 2012 (host-virus ratio=3.2) compared to Altivir 2 MSI relative to its host (host-
virus ratio=12.4), the pattern reversed in 2018 for the BF sample (host-virus ratio=299.3
compared to 94.1 for Altivir 1 MSI and Altivir 2 MSI, respectively). Both, the total spacer
abundance and the spacer diversity increased from 2012 to 2018 in BF samples, i.e., from 21
to 352 (number of different spacers) including an ~20% increase in the number of spacer
clusters that were singletons in the dataset (Supplementary Figure 13) and from 1 119 to 1
425 (abundance of spacers). The abundance of spacers matching the genome of
Altivir 1 MSI BF 2012 decreased from 339 to 116 spacers, whereas it increased from 36 to
55 for Altivir 2 MSI BF 2012 in BF samples from 2012 to 2018. For both targets the
number of different matching spacers increased over time (Supplementary Figure 14), in line
with the development of the total spacers in this ecosystem (Figure 4). Because planktonic
Ca. Altiarchaeum cells (diameter: 0.4-0.6 um) cannot pass the 0.1 um pore-size filters, it is
more likely that lysed Ca. Altiarchaeum cells ended up in the <0.1 um fraction in 2018
allowing binning of their genomes including the CRISPR system with low complexity of
spacers from this fraction. The MSI >0.1um 2018 fraction and the MSI <0.1um 2018
contained about half the number of total spacers of the MSI BF 2018 sample, although the
number of different spacers displayed less variability. Spacers from these samples hitting the
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viral targets were often reduced in abundance compared to BF-derived CRISPR spacers
(Figure 4). MSI BF 2018 had the most unique total spacer clusters (2599, Supplementary
Figure 15 A) and also the most unique ones matching Altivir 1 MSI (Supplementary Figure
15 B) and Altivir 2 MSI as displayed as Venn diagrams in Supplementary Figure 15 C. The
overlap of spacer clusters between years and samples was rather moderate (<52 spacer
clusters in common).

Congruent with the decline in relative abundance of Altivir 1 MSI based on
metagenomic analysis, we also observed heterogeneous infections of BF flocks via imaging.
Some BF showed no infection with Altivir 1 MSI at all (Figure 5A, Supplementary Figure
16), which aligns well with the decrease of the virus in the metagenomic data of the BF from
2012 to 2018. By contrast, we observed very few BF flocks that showed an extremely high
infection and accumulation of rod-shaped microorganisms (Figure 5B, Supplementary Figure
17&18). The observed heterogeneity of infections in BF supports the aforementioned
heterogeneity related to CRISPR resistances against Altivir 1 MSI with high spacer diversity
dominated by singletons.

1 . N |}
Altivir_1_MSI probe mix Altivir_1_MSI probe mix

Figure 5: VirusFISH of two individual Altiarchaeota biofilm (BF) flocks depicting a) a dense BF flock without
infections and b) one highly infected BF flock. For all virusFISH experiments, an Altivir 1 _MSI probe was used
for detecting viral infections. White arrows indicate exemplary virus—Altiarchaeota interactions (advanced
infections). BF material was analyzed with filter sets for DAPI (blue, cells), ATTO 488 (purple, 16S rRNA
signal), and Alexa 594 (yellow, viral genomes), and then the different fluorescent channels were merged for
analysis and display purposes. For unmerged imaging data, see Supplementary Figs. 16 and 17. Scale bars:
10 pm.

3. Discussion

Although life in the deep subsurface contributes significantly to overall biomass and
microbial biodiversity on our planet, its low accessibility leaves host-virus interactions—
especially those of uncultivated hosts—highly enigmatic. Detection of novel and uncultivated
viruses missing conserved sets of hallmark genes has been an ongoing challenge in viromics
(Roux et al. 2019). Using a combination of bioinformatics and virusFISH, we were able to
visualize infections of Altiarchaeota with a hitherto unknown, presumably lytic virus from a
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subsurface ecosystem. We expanded the diversity of this virus detected in Germany (MSI) by
identifying a distantly related viral genome infecting Ca. Altiarchaeca in North America
(ACLF site). This suggests genomic relatedness of archaeal viruses over long distances, a
phenomenon known for bacteriophages (Breitbart and Rohwer 2005; Short and Suttle 2005).
However, genomic relatedness and global distribution of bacteriophage genomes (and maybe
also altiarchaeotal viruses) is in stark contrast to viruses infecting Sulfolobus islandicus.
Viruses of this thermoacidophilic archaeon displayed a confined geographic distribution
based on core gene sequence analysis and CRISPR-based host-virus interactions (Bautista et
al. 2017; Held and Whitaker 2009), which demonstrated infections with local viruses for this
host, and the geographical structuring of archaeal viral communities was recently extended by
investigations of Italian hydrothermal environments (Baquero et al. 2020).

Altiarchaeota viruses do not represent an exception regarding the many genes that could not
be annotated, and thus were classified as unknown ORFs or domains/genes of unknown
function. Some proteins such as modification methylases or the phosphoadenosine
phosphosulfate reductase were previously also detected on a Methanosarcina and other
archaeal virus genomes (Molnar et al. 2020; Prangishvili et al. 2006b). Altiarchaeota can
apparently employ two different CRISPR systems (Type I and III) with high similarity of
their DR sequences across larger geographic distances; although the reasoning behind two
independent CRISPR systems remains unclear, an additional Type III system might mediate
resistance against plasmids carrying matching protospacers but lacking a protospacer-adjacent
motif (Deng et al. 2013), or against viruses that overcome Type I systems as previously
described for Marinomonas mediterranea (Silas et al. 2017) and Sulfolobus islandicus (Guo
et al. 2019). Indeed, archaeal viruses found ways to interfere with CRISPR Type III systems
by using anti-CRISPR proteins (Athukoralage et al. 2020; Bhoobalan-Chitty et al. 2019).
However, we could not detect homologs of these proteins in viruses targeting
Ca. Altiarchaeum.

Based on the metagenomic data collected in 2012 and 2018, it appears that the host
prevailed in the arms race between Altiarchaeaota and the visualized virus (Altivir 1 _MSI),
whereas the arms race seems to be ongoing as at least parts of the host population still get
infected. The number of different spacers matching this virus increased towards 2018 with a
prominence of spacer singletons in the metagenome (Supplementary Figure 13), while the
actual abundance of spacers matching Altivir 1 MSI decreased as did the abundance of the
viral genome itself. CRISPR spacer diversification might be a successful response to an
increasing number of variants in the genome of Altivir 1 MSI (Supplementary Figure 10)
suggesting its mutations. As a trade-off, spacer diversification might allow the host to
decrease the total abundance of spacers. We conclude that CRISPR spacers were diversifying
to mediate a greater bandwidth of resistances against the virus, which worked in favor for the
overall population of Altiarchaeota in this ecosystem. Moreover, the diversity of singleton
spacers indicates a very heterogeneous Altiarchaeota population, which might be related to
heterogeneous infections of the BF as visualized via virusFISH.

Our dual approach of coupling metagenomics to fluorescence microscopy enabled us to
follow precisely the terrestrial subsurface predator-prey relationship of Ca. Altiarchaecum and
one of its viruses. Our data suggests that the novel identified virus is lytic and challenge the
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current paradigm that lysogeny prevails in the subsurface (Anderson et al. 2013, 2011).
Instead, our data indicate that the kill-the-winner theorem—lytic viruses targeting abundant
ecosystem key players (Thingstad and Lignell 1997)—also strongly applies to subsurface
ecosystems. We currently do not know if this statement can be transferred to other subsurface
ecosystems that have low cell counts (Magnabosco et al. 2018) as viruses might struggle with
finding a new host. However, replication measures of bacteria in the ecosystem with the
visualized virus suggest that microbial proliferation is similar to other oligotrophic systems
(Bornemann et al. 2020a). Lytic infections in subsurface microbial hosts might thus launch
heterotrophic carbon cycling similar to the viral shunt in the marine environment (Wilhelm
and Suttle 1999). In fact, recent lipidomic analyses coupled to mass-balance calculations
provide evidence that subsurface environments dominated by Altiarchaeota are completely
fueled by these organisms’ carbon fixation, transferring organic carbon to heterotrophs in the
community (Probst et al. 2020). This process might be the basis for microbial loops (Dong et
al. 2018) as we see the accumulation of rod-shaped microbes around Altiarchaeota when they
are lysing due to viral attacks (Supplementary Figure 18).

Here, we provide underpinning evidence derived from metagenomic datasets of three
continents for the frequent viral infection of a globally abundant, autotrophic key player of the
subsurface carbon cycle. Using virusFISH for visualization, we show that one virus with a
lytic lifestyle is even capable of infecting host cells in a dense BF, which is generally known
to provide some protection from viral infection (Vidakovic et al. 2018). Subsurface
ecosystems such as aquifers remain understudied regarding host-virus dynamics because of
limited access, low microbial biomass and limited cultivation success. Our results presented
here provide an experimental proof of concept for an ongoing host-virus arms race in the
continental subsurface characterized by constant viral infections and cell lysis of subsurface
microbes, followed by their own and their viruses’ diversification.

4. Methods

Mining public metagenomes for Altiarchaeota

To get an overview of the global distribution of Altiarchaeota, we searched
metagenomes in the IMG/M database (Chen et al. 2019a) (database accessed in July 2018) for
Altiarchaeota contigs using DIAMOND BLASTp (v0.9.22) (Buchfink et al. 2015) with the
putative hamus subunit (NCBI accession no CEG12198.1) as a query and an e-value and
length cut-off of le-10 and 300 amino acids, respectively. The Altiarchaeota distribution
based on 16S rRNA gene sequences was obtained from the SILVA SSU Parc database (Quast
et al. 2013) based on all 16S rRNA genes classified as Altiarchaeota and for which
geographic information was available (July 2018).

To investigate Altiarchaeota-virus relationships, we explored ecosystems where
Altiarchaeota comprised the majority of the community. Therefore, metagenomic data from a
microbial mat growing in the sulfidic groundwater-fed Alpena County Library Fountain
(ACLF) (Alpena, MI, USA) were obtained from NCBI Sequence Read Archive (SRA)
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repository (Sharrar et al. 2017) as were metagenome samples from Horonobe Underground
Research Laboratory at 140 and 250 m depth (HURL, Hokkaido, Japan) (Hernsdorf et al.
2017). The analysis was complemented with three metagenomic datasets from COz-enriched
groundwater erupted from a cold-water Geyser (Andernach, Middle Rhine Valley, Germany)
(Bornemann et al. 2020a), and the metagenome of a sulfidic spring Miihlbacher
Schwefelquelle Isling (MSI) in Regensburg, Germany (Probst et al. 2014b). All BioProject,
BioSample accessions and information on sampling of MSI for various experiments are
provided in Supplementary Table 1, 3, 4, respectively.

Re-sampling of MSI for virusFISH and metagenomic sequencing

BF samples were collected as previously described (Probst et al. 2013) from the
36.5 m deep, cold (~10 °C), sulfidic spring MSI in Regensburg, Germany (N 48° 59.142, E
012°07.636) in January 2019, for which further geological description has been reported
elsewhere (Probst et al. 2014a). Environmental parameters of the sulfidic spring were
extensively investigated previously (Rudolph et al. 2004) and remained almost constant over
years. In brief, hydrogen sulfide concentration in the spring hole was reported to be
0.85 mg L! (Probst et al. 2014a), dissolved carbon dioxide at 32 mg L' (Rudolph et al. 2004),
and oxygen at 0.13 mg L' and later revised to be beyond detection limit of extremely
sensitive probes (Probst et al. 2013; Rudolph et al. 2004). Chemical parameters of the spring
water are presented in Supplementary Table 5.

For virusFISH, BF samples were fixed by addition of formaldehyde (3% v/v) and
incubation at room temperature for one hour. For investigating infection stages, BF flocks
were gently separated from several bigger flocks by using a pipette tip finally yielding 18
smaller flocks (range 170 — 5 870 um?). BF flocks for all microscopy experiments were
subsequently washed three times in 1x phosphate buffered saline (PBS, pH 7.4) followed by
dehydration via an ethanol gradient (50%, 70% v/v, and absolute ethanol, 10 min each).
Samples were stored in absolute ethanol at -20 °C until further processing.

Three types of samples were collected for metagenomics: i) BF flocks; ii) the
planktonic community (>0.1 pm pore-size fraction); and iii) the viruses and lysed cells (<0.1
um pore-size fraction). Sampling of Altiarchacota BF flocks for DNA extraction and
metagenomic sequencing from the sulfidic spring (MSI) was performed in October 2018. For
sampling the unfiltered planktonic microbial community, 70 L of groundwater were filtered
onto a 0.1 um pore-size PTFE membrane filter (Merck Millipore, Darmstadt, Germany). The
flow-through was collected in a sterilized container, and a final concentration of 1 mg L'! of
iron (III) chloride (Carl Roth, Karlsruhe, Germany) was applied for chemical flocculation for
30 minutes (John et al. 2011). Flocculates were filtered onto 5 x 0.2 um membrane filters
(<0.1 um fraction). DNA was extracted directly from collected BF samples using the
RNeasy® PowerBiofilm Kit (Qiagen, Hilden, Germany) using a DNA-conform workflow.
DNA from the 0.1 um and pooled 0.2 pum membrane filters with iron flocculates was
extracted using PowerMax Soil DNA Extraction Kit (Qiagen, Hilden, Germany), DNA was
precipitated overnight and cleaned with 70% ethanol. Shotgun metagenome sequencing was
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conducted within the Census of Deep Life Sequencing call 2018 and performed using the
[llumina HiSeq platform at the Marine Biological Laboratory, Woods Hole, MA, USA.

Detection of viral genomes in metagenomes

Raw shotgun sequencing reads were trimmed and quality-filtered using bbduk
(https://github.com/BiolnfoTools/BBMap/blob/master/sh/bbduk.sh) and Sickle v.1.33 (Joshi
and Fass 2011). Read assembly was conducted by using metaSPADes v.3.10 (Nurk et al.
2017) unless stated otherwise. Scaffolds <1 kb length were excluded from further analysis.
Genes were predicted using prodigal v.2.6.3 (Hyatt et al. 2010) (meta mode) and functional
annotations were determined by using DIAMOND v.0.9.9 (Buchfink et al. 2015) against
UniRef100 (Feb. 2018) (Suzek et al. 2007). Public Altiarchaeota genomes were retrieved
from databases (Bornemann et al. 2020a) and further cleaned or re-binned using%GC content,
coverage distribution and taxonomy information (Bornemann et al. 2020b), which was
necessary for all genomes except for Altiarchaeota from MSI BF 2012 (Supplementary
Table 1). Viral scaffolds >3 kb were identified by applying a combination of tools as
presented in Supplementary Figure 1A. Predicted viruses were classified into viruses and

putative viruses according to the classification system presented in Supplementary Figure 1B.
Viral scaffolds were subsequently checked for mini-CRISPR arrays using default settings of
CRISPRCasFinder (Couvin et al. 2018) as some archaeal viruses can bear mini-CRISPR
arrays with 1-2 spacers having likely a role in interviral conflicts (Medvedeva et al. 2019;
Iranzo et al. 2020).

CRISPR-Cas analysis of Altiarchaeota genomes

Cas genes and direct repeat (DR) sequences were identified in binned Altiarchaeota
genomes via CRISPRCasFinder (Couvin et al. 2018) and genes were additionally confirmed
via searches against UniRef100 (Suzek et al. 2007). CRISPR DR sequences were tested for
formation of secondary structures using RNAfold (Denman 1993) and checked against the
CRISPRmap database (v2.1.3-2014) (Lange et al. 2013) for formation of known motifs. The
consensus DR sequence was used in both possible orientations to extract host-specific spacers
from raw reads by using MetaCRAST (Moller and Liang 2017) with Cd-hit v.4.6 (Li and
Godzik 2006) clustering at 99% identity. Spacers were filtered for minimum and maximum
lengths of 20 and 60 nucleotides, respectively. Only spacers that were present on a read that
contained at least one complete DR sequence with an exact match to the template were
considered. Finally, spacers were further clustered with Cd-hit (Li and Godzik 2006) at 99%
identity and matched to viral protospacers on the compiled output of viral identification tools
using the BLASTn --short algorithm with a 80% similarity threshold. For comparing spacer
dynamics (total abundance, diversity and matches to Altivir 1 MSI and Altivir 2 MSI
genomes) of 2012 and 2018 samples from MSI, all spacers of the four respective MSI
samples were clustered with Cd-hit (Li and Godzik 2006) at 99% identity and representative
sequences of each cluster were matched to representative Altivir 1 MSI and Altivir 2 MSI
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genomes from the BF of 2012 (Supplementary Table 2). All data arising from spacer counts
were normalized by genome abundance of the respective Altiarchaeota genome.

Functional annotation of proteins and clustering of viral genomes

Coding sequences of predicted viral scaffolds were identified using prodigal (meta
mode) (Hyatt et al. 2010). Furthermore, the proteins predicted by prodigal were grouped into
clusters based on BLASTp similarity (Bischoff et al. 2019) and then functionally annotated by
searching in several sequence databases and then manually curating and consolidating the
results. The databases searched were the following: i) the NR database (Virus only section,
https://blast.ncbi.nlm.nih.gov/) from NCBI was searched using BLASTp and DELTA-BLAST
(if no BLASTp results were found, (Boratyn et al. 2012)); ii) the prokaryotic Viruses
Orthologous Groups (pVOGs (Grazziotin et al. 2017)) was searched using HHblits v.3.3.0
(results kept only if the probability was >= 70%) (Remmert et al. 2011); iii) the VOGDB
(Marz et al. 2014) (vog93, April 2019) was searched using HMMER with an e-value cut-off
of 107; iv) the InterPro database 82.0 (Finn et al. 2017) was searched using InterProScan
integrated in Geneious prime 2020 (Kearse et al. 2012); v) UniRef100 (Feb. 2018) (Suzek et
al. 2007) was searched using DIAMOND (Buchfink et al. 2015) with an e-value of 107, and
vi) PDB_mmCIFC70 4 Feb, Pfam-A v.32.0, NCBI Conserved Domains v3.16 and
TIGRFAMs v15.0 database were searched using HHpred (Soding et al. 2005; Zimmermann et
al. 2018) with an e-value cut-off of 10, For the two most abundant predicted Ca.
Altiarchaeum viruses Altivir 1 MSI and Altivir 8 HURL we additionally applied DELTA-
BLAST (Boratyn et al. 2012) searches against NCBI’s non-redundant protein sequences (nr)
and phmmer (Potter et al. 2018) against reference proteomes.

Predicted viral scaffolds carrying multiple hits against existing bacterial genomes in
UniRef100 (Suzek et al. 2007) and no viral hallmark genes or carrying extensive CRISPR
arrays (detected as false positives) were removed from further analyses.

Clustering of entire viral genomes on nucleic-acid level was performed with VICTOR (Meier-
Kolthoff and Goker 2017) (https://ggdc.dsmz.de/victor.php) using the Genome-BLAST
Distance Phylogeny method (Meier-Kolthoff et al. 2013) with distance formula dO and
OPTSIL clustering (Goker et al. 2009). A separate virus clustering was performed using
vConTACT v.0.9.11 (Bin Jang et al. 2019; Bolduc et al. 2017) applying the database
‘ProkaryoticViralRefSeq94’ (Brister et al. 2015) and visualization of the viral network was

performed in Cytoscape version 3.7.2 (Shannon et al. 2003). Intergenomic similarities
between viral genomes and the corresponding heatmap were calculated using VIRIDIC
accessible through http://viridic.icbm.de with default settings (Moraru et al. 2020). In order to
further investigate the genetic relationship between the Ca. Altiarchaeum viruses Altivir 1 -
Altivir_8, proteins of all viral genomes were clustered by first performing an all against all
BLASTDp with an e-value cut-off of 10 and a bitscore threshold of 50. Then, the results were
loaded into the mcl program with the parameters -1 --abc. The genomic maps were plotted
using the genoPlotR v.0.8.9 (Guy et al. 2010) package of the R programming environment
v.3.5.2 (R Core Team, 2019).
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Single gene phylogenetic trees

Phylogenetic trees were constructed for viral hallmark proteins identified in different
Ca. Altiarchaeum viruses: i) DNA polymerase B from Altivir 2 MSI; ii) capsid portal
protein from Altivir 4 ACLF; iii) major tail tube protein from Altivir 7 ACLF and iv)
terminase protein from Altivir § HURL. For each phylogenetic tree, the following workflow
was performed. The respective viral hallmark protein was used as BLASTp query to search
for related proteins in the viral section of the NR BLAST database from NCBI
(https://blast.ncbi.nlm.nih.gov/). If no results were found with BLASTp (capsid protein from
Altivir 4 ACLF, major tail tube protein from Altivir 7 ACLF), then DELTA-BLAST was
used to search for distantly related proteins. Only hits with an e-value smaller than 0.0005
were kept. The selected proteins, including the query, were aligned using the Constraint-based
Multiple Alignment Tool (COBALT, Papadopoulos and Agarwala 2007), using the online
tool (https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi). The COBALT alignment was
imported in Geneious prime 2020 (Papadopoulos and Agarwala 2007) for refinement using
MUSCLE v.3.8.425 (Edgar 2004) and end trimmed. The tree for the Altivir 2 MSI was
constructed using FastTree v.2.1.12 (Price et al. 2010) with the “Whelan and Goldman
20012” and “Optimize the Gamma20 likelihood” parameters. The trees for Altivir 4 ACLF,
Altivir 7 ACLF and Altivir 8 HURL were calculated using the webserver phylogeny.fr.
Here, the alignment was first curated with Gblocks (Castresana 2000) (option “Do not allow
many contiguous non-conserved positions®). The tree was reconstructed using PhyML
(Guindon et al. 2010) with the substitution model “WAG for protein” and the approximate
likelihood-ratio test “SH-like” for calculating the branch support statistics. All trees were
exported as “.newick” format, visualized with FigTree v.1.4.3 (Rambaut 2006), rooted at the
midpoint, and further annotated in Inkscape v.1.0.2 (https://inkscape.org).

Relative abundance of viruses and hosts

Abundance of hosts and viruses was determined via read mapping respective genomes
using Bowtie2 (Langmead and Salzberg 2012) in sensitive mode followed by mismatch
filtering for host genomes (2%, depending on read length). Abundances were normalized to
the total number of base pairs (bp) sequenced of each sample scaling to the sample with
lowest counts, which is herein referred to as relative abundance or normalized coverage. Rank
abundance curves were built based on the abundance of scaffolds carrying ribosomal protein
S3 (rpS3) gene sequences predicted in metagenomic assemblies after running prodigal (meta
mode) (Hyatt et al. 2010) and annotation (Buchfink et al. 2015) against UniRef100 (Suzek et
al. 2007). For normalized rank abundance curves based on sequencing depth for the
ecosystem MSI, we only considered rpS3 gene sequences with a coverage >2.4 after
normalization as this value represents the lowest coverage of any assembled 7pS3 gene
sequence in the MSI dataset.
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Design, synthesis and chemical labeling of gene probes

To target Altivir 1 MSI, a 8.9 kb putative viral genome recovered from the
MSI BF 2012 metagenomic dataset, eleven dsDNA polynucleotide probes of
300 nucleotides length were designed using genePROBER (gene-prober.icbm.de). In
addition, a single 300 bp fragment of a Metallosphaera turreted icosahedral virus strain
MTIV1 (NCBI accession no. MF443783.1) was designed as a negative control probe, because
the Metallosphaera sp. virus was not detected in the metagenome of MSI BF 2012.
Sequences for all probes are given in Supplementary Table 6 and 7.

All probes were chemically synthesized by IDT (Integrated DNA Technologies, San
Jose, CA, USA) as gBlocks® Gene Fragments (500 ng per polynucleotide), reconstituted in 5
mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0 and then labeled with the ULYSIS™ Alexa
Fluor™ 594 nucleic acid labeling kit (Thermo Fisher Scientific, MA, USA) (Barrero-Canosa
and Moraru 2021). Two pg of either an equimolar mixture of the eleven Altivir 1 MSI
polynucleotides or of the single negative control polynucleotide were used in a single labeling
reaction and then purified using NucAway Spin Columns (Thermo Fisher Scientific, USA).
Before being used as probes for virus-targeted genome fluorescence in sifu hybridization
(virusFISH), the labeled probes were measured spectrophotometrically using a NanoDrop™
(Thermo Fisher Scientific, USA). The calculated labeling efficiency was 9.16 and 16.6 dyes
per base for Altivir 1 MSI probe and negative control probe, respectively.

VirusFISH of MSI biofilms

VirusFISH was performed according to the direct-geneFISH protocol (Barrero-Canosa
et al. 2017), with the modifications detailed further. In brief, Altiarchaeota BF, dehydrated in
an ethanol series, were carefully placed in the middle of a press-to-seal silicone isolator
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) mounted on Superfrost® Plus slides
(Electron Microscopy Sciences, Hatfield, USA), and subsequently air-dried. Because
Altiarchaeota lack the typical archaeal S-layer as outer sheath (Perras et al. 2015) and hence
are more prone to membrane disintegration, no extra permeabilization step was required.
Different formamide concentrations (20%, 30%, 50%) were tested to exclude false positive
hybridization signals. In the final assay, 20% of formamide was used in the hybridization
buffer that contained 5x SSC buffer (saline sodium citrate, pH 7.0), 20% (w/v) dextran
sulfate, 20 mM EDTA, 0.25 mg mL"! sheared salmon sperm DNA, 0.25 mg mL"! yeast RNA,
Ix blocking reagent, 0.1% (v/v) sodium dodecyl sulfate and nuclease-free water. The final
NaCl concentration of 0.225M in the washing buffer corresponded to the 20% formamide in
the hybridization buffer. As rRNA probes, the dual-Atto488-labeled probes NON338 (5'-
ACTCCTACGGGAGGCAGC-3’) (Wallner et al. 1993) and a SM1-Euryarchaeon-specific
probe SMARCH714 (5'-GCCTTCGCCCAGATGGTC-3") (Moissl et al. 2003) were used. A
volume of 45 pl hybridization mixture was used, with a final gene probe concentration of
330 pg L' (30 pg uL! for each polynucleotide) and rRNA probe final concentration of
1 pmol uL-!. In the hybridization chamber, 30 ml of formamide-water solution were added to
keep a humid atmosphere. The denaturation and hybridization times were 30 min and 3 hours,
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respectively. The post hybridization washing buffer contained 20 mM Tris-HCI (pH 8.0),
5mM EDTA (pH 8.0), nuclease-free water, 0.01% SDS, and 0.225 M NaCl. A second
washing step with 1x PBS (pH 7.4) for 20 min was performed. Then, the slides were
transferred for one minute into molecular grade water and quickly rinsed in absolute ethanol.
For staining, we used 15 pL of a mixture of 4°,6-diamidin-2-phenylindole (4 ug mL!) in
SlowFade Gold Antifade Mounting medium (both Thermo Fisher Scientific, Waltham, MA,
USA). All solutions and buffers for virusFISH experiments were prepared with molecular
grade water (Carl Roth, Karlsruhe, Germany). For the experiment with individual flocks, 17
out of 18 flocks were treated with the Altivir 1 MSI probe and one flock with the negative
control probe.

The BF material was examined and imaged with an Axio Imager M2m
epifluorescence microscope equipped with an Axio Cam MRm and a Zen 2 Pro software
(version 2.0.0.0) (Carl Zeiss Microscopy GmbH, Jena, Germany). Channel mode visualization
was performed by using the 110x/1.3 oil objective EC-Plan NEOFLUAR (Carl Zeiss
Microscopy GmbH) and three different filter sets from Carl Zeiss: 49 DAPI for visualizing
Altiarchaeota cells, 64 HE mPlum for the detection of viral infections, and 09 for achieving
16S rRNA signals. Enumeration of cells and viral signals was performed manually. Viral
signals were categorized into three major groups, i.e., viral adsorption on host cells, advanced
infections and viral bursts.

Structured illumination microscopy

For structured illumination microscopy, the whole virusFISH protocol was carried out
on a BF flock mounted on a cover slip (thickness No. 1.5H, Paul Marienfeld GmbH & Co.
KG, Lauda-Konigshofen, Germany). Staining was conducted without adding DAPI to the
mounting medium. Samples were analyzed using an inverted epifluorescence microscope
(Zeiss ELYRA PS.1) equipped with an a-Plan-Apochromat 100x/1.46 oil DIC M27 Elyra
objective, F Set 77 He filter, and a Zen 2.3 SP1 FP3 black edition software (version
14.0.22.201), all obtained from the manufacturer Carl Zeiss Microscopy GmbH, Germany.

Transmission electron microscopy

BF flocks from MSI were pre-fixed in glutaraldehyde (Carl Roth, Karlsruhe,
Germany) to a final concentration of 2.5% (v/v) and physically fixed via high-pressure
freezing followed by freeze substitution, which was carried out with 0.2% (w/v) osmium
tetroxide, 0.25% (w/v) uranyl acetate and 9.3% (v/v) water in acetone (Flechsler et al. 2020).
After embedding in Epon resin and polymerization for 72 h, the samples were ultrathin
sectioned and post-stained with 1% lead citrate for two minutes. Transmission electron
microscopy was carried out on a Zeiss EM 912 (Zeiss, Oberkochen, Germany) with an
integrated OMEGA-filter at 80 kV in the zero-loss mode. Imaging was done using a 2k x 2k
pixel slow-scan CCD camera (TRS Trondle Restlichtverstirkersysteme, Moorenweis,
Germany) and an ImageSP software (version 1.2.9.77) (x64) (SysProg, Minsk, Belarus).
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Data availability

Sequencing data generated and analyzed during this study are available at NCBI’s
sequence read archive and GenBank with accession codes as listed in Supplementary Table 1.
Metagenomic reads are available from NCBI Bioprojects #PRINA628506, Biosamples
#SAMN14733005-07, Run #SRR11614986-88 (MSI 2018), Bioproject #PRJNA321556,
Biosample #SAMNO04999996-97, Run #SRR3546456-57 (HURL), Bioproject
#PRINAG627655 (GA), Biosample #SAMN14680028-30, Run #SRR11600161-63 (GA),
Bioproject #PRINA340050, Biosample #SAMNO05661201, Run #SRR4293692 (ACLF) as
well as from ENA #PRINA678866, Biosample #SAMEA2779769, Run accession
#ERR628383  (MSI 2012). Metagenomic assemblies can be found under the above-
mentioned Bioprojects/samples for MSI 2018 and GA. Exceptions represented MSI 2012,
which was deposited under Bioproject #PRINA678866, Biosample #SAMN16815598,
HURL assemblies under Bioproject #PRJNA730881, Biosample #SAMN04999996-7, and the
ACLF assembly under Bioproject #PRINA730879, Biosample #SAMNO05661201. Run
accessions for these assemblies are JAEMOC000000000-JAEMOL000000000. Ca.
Altiarchaeota genomes were deposited at GenBank under Bioproject #PRINA628506, MAG
Biosample #SAMNI18220766, Run #JAGTWS000000000 (MSI 2018), Bioproject
#PRINAG627655, MAG Biosamples #SAMNI18220852-54, Run #JAGTWP000000000-
JAGTWRO000000000 (GA), Bioproject #PRINA726854, MAG Biosample #SAMN18221259,
Run #JAGWDRO000000000 (ACLF), Bioproject #PRINA726852, MAG Biosample
#SAMNI18220774-75, Run #JAGWDQO000000000 & #JAGWDP000000000 (HURL), and at
ENA under #CCXY01000000 (MSI 2012). Viral genomes of Ca. Altiarchaeum virus
Altivir 1 and 2 can be found under GenBank accessions #MW522970 and #MW 522971,
respectively. Ca. Altiarchaeum virus Altivir 3-8 genomes are available in the Third-
Party Annotation Section of the DDBJ/ENA/GenBank databases under the accession numbers
#BK059157-162.

Viral genomes of Ca. Altiarchaeum virus Altivir 3-8 can also be accessed via the scaffold
accession numbers as given in Supplementary Table 4. Viral genomes can also be found at
https://github.com/ProbstLab/viromics/tree/master/viruses/Altivir. Microscopy data can be

obtained from the corresponding author upon reasonable request.
Code availability

Our tool EndMatcher for identification of circular sequences from metagenomes is
available under https://github.com/ProbstLab/viromics/tree/master/Endmatcher.

Acknowledgements

This work received funding by the Alfred P. Sloan foundation (grant number G-2017-
9955), the Ministry of Culture and Science of North Rhine-Westphalia (Nachwuchsgruppe
“Dr. Alexander Probst”), and the NOVAC project of the German Science Foundation (grant
number DFG PR1603/2-1). We acknowledge sampling logistics provided by the University of
Regensburg, i.e., by Harald Huber and Sebastien Ferreira-Cerca, and sequencing of MSI

75


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA628506
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA321556
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA627655
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA340050
https://www.ebi.ac.uk/ena/browser/view/PRJNA678866
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA678866
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA730881
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA730879
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA628506
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA627655
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA726854
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA726852
https://www.ncbi.nlm.nih.gov/nuccore/MW522970.1/
https://www.ncbi.nlm.nih.gov/nuccore/MW522971
https://github.com/ProbstLab/viromics/tree/master/viruses/Altivir
https://github.com/ProbstLab/viromics/tree/master/viruses/Altivir
https://github.com/ProbstLab/viromics/tree/master/Endmatcher

II1. Publications

metagenomes within the Census of Deep Life Sequencing call 2018, phase 14 project
“Development of novel archaeal viruses and the corresponding CRISPR arrays of a highly
abundant carbon fixer in Earth’s crust”. We highly appreciate the technical assistance of
Jannis Becker for protein annotations of viral scaffolds, Lea Griesdorn for assistance with
data submission, Sabrina Eisfeld for laboratory maintenance, and Ken Dreger for server
administration and maintenance. The work conducted by the U.S. Department of Energy Joint
Genome Institute, a DOE Office of Science User Facility, is supported under Contract No.
DE-AC02-05CH11231. Furthermore, we are also grateful to the Imaging Center Essen
(IMCES) under the direction of Matthias Gunzer for access to an inverted epifluorescence
microscope with structured illumination and for the respective training carried out by
Alexandra Brenzel.

Author contributions

JR,V.T,P.A.F. G, . M., A. J. P. performed the sampling; J. R., S. P. E., T. L. V.
B, A.J.P,F. S, T. W,, A. J. P. carried out metagenomic analysis; J. R., V. T., . M., A. K.,
C. M., A. J. P. performed virusFISH or related analysis; V. T., I. M., A. K. performed SIM
and TEM microscopy; J. R., V. T. , A. J. P. wrote the manuscript; all authors contributed to
editing and proofreading of the manuscript; A. J. P. conceptualized the study.

Competing interests
The authors declare no competing interests.
Supplementary material
The supplementary material is available under

https://www.nature.com/articles/s41467-021-24803-4#Sec21 as well as on the supplied CD
(see section VII).

76


https://www.nature.com/articles/s41467-021-24803-4#Sec21

II1. Publications

III. Virus-Host Dynamics in Archaeal Groundwater Biofilms and the
Associated Bacterial Community Composition

Victoria Turzynski', Lea Griesdorn!%, Cristina Moraru’, André R. Soares!%, Sophie A.
Simon!?, Tom L. Stach', Janina Rahlff'!, Sarah P. Esser!?, and Alexander J.
Probst!->45#

"Environmental Microbiology and Biotechnology (EMB), Department of Chemistry, Group
for Aquatic Microbial Ecology, University of Duisburg-Essen, Universititsstrale 5, 45141
Essen, Germany

2Environmental Metagenomics, Research Center One Health Ruhr of the University Alliance
Ruhr, Faculty of Chemistry, University of Duisburg-Essen, Universitatsstralie 5, 45141 Essen,
Germany

Institute for Chemistry and Biology of the Marine Environment (ICBM), Carl-von-
Ossietzky-University Oldenburg, PO Box 2503, Carl-von-Ossietzky-StraBBe 9-11, 26111,
Oldenburg, Germany

“Centre of Water and Environmental Research (ZWU), University of Duisburg-Essen,
Universitétsstralie 5, 45141 Essen, Germany

Center for Medical Biotechnology (ZMB), University of Duisburg-Essen, Universititsstrafie
5,45141 Essen, Germany

"Present address: Centre for Ecology and Evolution in Microbial Model Systems (EEMiS),
Department of Biology and Environmental Science, Linnaeus University, SE-39182, Kalmar,
Sweden

*Corresponding author: alexander.probst@uni-due.de, telephone: +49 201 183-7080

Publication information:

Viruses 2023, 15(4), 910; https://doi.org/10.3390/v15040910

Received: 03 February 2023 / Revised: 28 March 2023 / Accepted: 29 March 2023 /
Published: 31 March 2023

Link: https://www.mdpi.com/1999-4915/15/4/910

Abstract

Spatial and temporal distribution of Iytic viruses in deep groundwater remains
unexplored so far. Here, we tackle this gap of knowledge by studying viral infections of
Altivir 1_MSI in biofilms dominated by the uncultivated host Candidatus Altiarchaeum
hamiconexum sampled from deep anoxic groundwater over a period of four years. Using
virus-targeted direct-geneFISH (virusFISH) whose detection efficiency for individual viral
particles was 15%, we show a significant and steady increase of virus infections from 2019 to
2022. Based on fluorescence micrographs of individual biofilm flocks, we determined
different stages of viral infections in biofilms for single sampling events, demonstrating the
progression of infection of biofilms in deep groundwater. Biofilms associated with many host
cells undergoing lysis showed a substantial accumulation of filamentous microbes around
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infected cells probably feeding off host cell debris. Using 16S rRNA gene sequencing across
ten individual biofilm flocks from one sampling event, we determined that the associated
bacterial community remains relatively constant and was dominated by sulfate-reducing
members affiliated with Desulfobacterota. Given the stability of the virus-host interaction in
these deep groundwater samples, we postulate that the uncultivated virus-host system
described herein represents a suitable model system for studying deep biosphere virus-host
interactions in future research endeavors.

Keywords: Deep biosphere, subsurface viruses, Altiarchacota, fluorescence in situ hybridization, virusFISH,
direct-geneFISH, microbial heterogeneity

1. Introduction

Microbes drive the biochemical cycling of nutrients and control food-web trophic
interactions on Earth. The smallest biological entities, i.e., viruses, manipulate
microorganism-driven biogeochemical processes by impacting host metabolism, host
evolution, and microbial community composition (Suttle 2007). By killing their hosts, viruses
cause a transformation of microbial biomass into particulate organic matter (POM) and
dissolved-organic matter (DOM) (Proctor and Fuhrman 1992). This “viral shunt” can mediate
a shuttle of organic carbon from autotrophic to heterotrophic microbial communities for
stimulating their growth (Suttle 2007) and generating a so-called “microbial loop” (Fuhrman
1999). However, not all viral lifestyles are involved in host lysis but can have different effects
on the host ecology (Howard-Varona et al. 2017). While lytic viral infections are
characterized by rapid production of new virions followed by lysis of the host cells, lysogenic
viruses integrate their genome into the host chromosome and proliferate via cell division of
the host. Thus, lysogeny has been suggested as a survival strategy of viruses living at low host
density and/or at low nutrient content (Anderson et al. 2011; Fuhrman 1999; Howard-Varona
et al. 2017). Lysogeny is found to be common in, e.g., seawater, extreme environments,
sediments, or hydrothermal vents (Anderson et al. 2011; Fuhrman 1999). As such, it has been
proposed that lysogeny is the prevalent lifestyle of viruses in the deep (continental) biosphere
(Anderson et al. 2011), because viruses are challenged with finding a host in the deep
subsurface, where microbial biomass is generally low (Magnabosco et al. 2018). Based on
metagenomic and virusFISH recent investigations as in Holmfeldt et al. (2021) and Rahlff et
al. (2021) (Holmfeldt et al. 2021; Rahlff et al. 2021) demonstrated that lytic viruses can be
abundant in the deep biosphere and even target main primary producers following the “kill-
the-winner” model (Thingstad and Lignell 1997). For example, a drastic increase of virus-host
ratios with depth was determined for marine sediment (Engelhardt et al. 2014) and deep
granitic groundwater (Kyle et al. 2008). In the aforementioned study, viral abundance was
correlated with bacterial abundance in a ratio of 10:1 in samples collected from 69 to 450 m
depth (103-107 virus-like particles mL™!' and 10%-10° total number of prokaryotic cells mL"!,
(Kyle et al. 2008)).

Viruses of Archaea—as they have been reported in deep granitic groundwater (Kyle et
al. 2008)—are some of the least understood groups of viruses with unique morphologies
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compared to eukaryotic viruses or bacteriophages (Attar 2016; Prangishvili et al. 2017) (also
reviewed in Wirth and Young 2020). Knowledge on Altiarchaeota and their viruses has
mainly been gained from the uncultivated genus Candidatus Altiarchaeum with the best
studied representative Ca. Altiarchaeum hamiconexum (Probst and Moissl-Eichinger 2015),
which is a frequent target of recently described lytic archaeal viruses in the deep subsurface
(Rahlff et al. 2021). Due to their worldwide distribution and high abundance as main primary
producers in the deep subsurface (carbon fixation via a modified reductive acetyl-CoA
pathway (Probst et al. 2014b)) Ca. Altiarchaea have been heavily analyzed regarding their
ecophysiology (Henneberger et al. 2006; Moissl et al. 2005; Perras et al. 2015; Probst et al.
2018, 2014b, 2014a; Rudolph et al. 2004, 2001). They often form nearly pure biofilms in the
subsurface (>95% of the cells) (Henneberger et al. 2006) or streamers with a string-of-pearls-
like morphology when associated with sulfur oxidizing bacteria in surface streams (Probst et
al. 2018; Rudolph et al. 2004) and thus reach high abundances in their ecosystems
constituting up to 70% of the total microbial community (Rahlff et al. 2021).

While the biology of viral attacks in biofilms is generally rather complex (Pires et al.
2021), biofilms also have the potential to be a hotspot for viral activity due to their high cell
density (Thingstad and Lignell 1997). However, the extracellular polymeric substances (EPS)
of biofilms can also act as barriers against viral infection (Weinbauer 2004). Furthermore, cell
surface appendages as shown for the amyloid fiber network of E.coli can prevent viral
infections with its lytic phage T7 (Vidakovic et al. 2018). At the same time, phages already
trapped in the biofilm matrix may remain active and can also eliminate newly arriving
prokaryotic cells (Bond et al. 2021). It has also been suggested that viruses may enhance
biofilm formation through induction of polysaccharide production (Fernandez et al. 2018;
Secor et al. 2015). These examples illustrate the complexity of virus-host interactions in
biofilms, yet little is known about how viruses affect biofilms and community structures in
the deep biosphere. Biofilms with a high cell density could increase virus-host contacts
enabling an easy spread of viral infections in the deep subsurface (Anderson et al. 2011),
however, actual evidence to verify or falsify this hypothesis is still missing.

For the present study, we used naturally grown biofilms of the uncultivated host Ca.
A. hamiconexum that can be accessed through the Muehlbacher Schwefelquelle (MSI, near
Regensburg, Germany) to answer the question how virus-host ratios change over time and
across individual biofilms. We took samples in four consecutive years from 2019 to 2022
(once per year) and applied virusFISH to biofilms dominated by the uncultivated virus
Altivir 1 _MSI and its host. Individual biofilm flocks from 2022 were analyzed using qPCR
designed for detection of Ca. A. hamiconexum, Altivir 1 MSI, and bacteria and archaea in
general (excluding the host). While virus-host ratios showed a constant increase over the
years, we generally observed strong heterogeneity regarding the infections in biofilms. We
consequently propose a temporal succession from little to no infections in the biofilm to high
virus-host ratios that can be associated with the enrichment of filamentous microbes during
cell lysis. Microbiome analyses based on full-length 16S ribosomal RNA (rRNA) gene
analyses of individual flocks revealed a relatively constant community composition of the
associated bacteriome in the biofilms.
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2. Material and Methods

2.1 Sampling Procedure and DNA Extraction

Biofilm flocks from the deep subsurface were collected from the cold (~10°C),
sulfidic spring (drilled to a depth of 36.5 m), Muehlbacher Schwefelquelle (Regensburg,
Germany, N 48° 59.142, E 012° 07.636), as described previously (Probst et al. 2013). We
used Schott flasks with two openings (fused by the university’s glass blowing workshop) and
inserted polyethylene nets for collecting enough biofilm flocks (~500 flocks per sampling
event). The flask was placed on a funnel to make as much spring water flow through the nets
as possible. This biofilm trapping system has the advantage that the biofilms directly stick to
the nets due to the flow rate of the spring with ~5.50 m* h™! and due to their sami that
represent cell surface appendage with nano-grappling hooks (Probst et al. 2014b). Each of the
biofilm trapping systems were incubated for one day as deep as possible (~1 m) in the
borehole. Further information on the environmental parameters of the sulfidic spring is
described elsewhere and proved to be interannually constant (Probst et al. 2013; Rudolph et
al. 2004).

For virusFISH, biofilms were collected in January 2019, August 2020, May 2021, and
February 2022 (see Table S1). Biofilm samples for DNA extractions and quantitative
polymerase chain reaction (QPCR) experiments were taken in February 2022.

Genomic DNA was extracted from biofilm samples using the RNeasy® PowerBiofilm
Kit (Qiagen GmbH, Hilden, Germany) following the manufacturer’s instruction and a DNA-
conform workflow. For accurate quantification of genomic DNA, a Qubit high-sensitivity
DNA assay kit and a Qubit Fluorometer (Qubit 4, both Thermo Fisher Scientific, Waltham,
MA, USA) was used, and the genomic DNA was stored at —20 °C until further use.

2.2 VirusFISH for Enumerating Viral-Host Ratios

VirusFISH and imaging was performed on 18 Altiarchaeota biofilm flocks for each of
the four sampling events (n total = 72 biofilm flocks; raw data are listened in Table S2)
following the protocol of Rahlff et al. 2021 (Rahlff et al. 2021). For enumerating 72 Ca. A.
hamiconexum biofilms, 68 biofilms were treated with the Altivir 1 MSI probe (n = 68) and
four biofilms were treated with a Metallosphaera sp. virus probe (n = 4). Shortly, the biofilms
were hybridized with Atto 488 labelled 16S rRNA probes, Alexa 594 labelled virus probes,
and counterstained with 4’,6-diamidin-2-phenylindole (DAPI, 4 pg mL™!, Thermo Fisher
Scientific, Waltham, MA, USA). Of the 18 biofilms from each year, 17 were treated with the
Altivir 1 _MSI probe (n = 17; see Supplementary Information of Rahlff et al. 2021 (Rahlff et
al. 2021)) and one served as negative control (Metallosphaera sp. virus probe (Wagner et al.
2017); (Rahlff et al. 2021), Figure S1). Imaging was performed with an Axio Imager M2m
epifluorescence microscope (X-Cite XYLIS Broad Spectrum LED Illumination System,
Excelitas, Ontario, Canada) equipped with an Axio Cam MRm and a Zen 3.4 Pro software
(version 3.4.91.00000) (Carl Zeiss Microscopy GmbH, Jena, Germany). The visualization
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was performed by using the 110x/1.3 oil objective EC-Plan NEOFLUAR (Carl Zeiss
Microscopy GmbH) and three different filter sets from Carl Zeiss: #49 DAPI for detecting
DNA, #64 HE mPlum for the detection of signals of probes targeting Alitvir 1 MSI, and #09
for visualizing 16S rRNA signals of Ca. A. hamiconexum. We calculated virus-host ratios by
summarizing virus counts across all three defined infection stages and compared the value to
the number of host cells in the specimen. We use this as a proxy for the infection frequency in
a sample.

2.3 Determining the Detection Efficiencies of Direct-GeneFISH and VirusFISH

Three different probe sets targeting the pseudo-genome Ca. A. hamiconexum (NCBI
acc. no. JAGTWS000000000.1), as assembled from the MSI (Rahlff et al. 2021), were
designed for the experiments estimating the detection efficiency of direct-geneFISH (Barrero-
Canosa et al. 2017). Each probe set contained eleven dsDNA polynucleotides, having 300 bps
in length.

In preparation for probe design, four metagenomic datasets from 2012 and 2018
(Probst et al. 2014b; Rahlff et al. 2021) were mapped and run in sensitive mode using
Bowtie2 (v2.3.5.1) (Langmead and Salzberg 2012) to the reference genome of the host Ca. A.
hamiconexum and its virus Altivir 1 MSI, respectively. Then, for each metagenomic sample
and each host/virus genome inStrain (v1.5.3) (Olm et al. 2021) was used to 1) detect single
nucleotide polymorphisms (SNPs), counting all positions that were classified as ‘divergent
sites’; and ii) calculate the per base coverage. For calculating the coverage, we removed 1) all
0 coverage regions, resulted during the pseudocontig creation by joining scaffolds with 1000
N as insert regions in-between: and ii) all genome positions corresponding to an N.

Then, all genomic regions with high SNP counts (more than 5 SNPs in 300 base
window, or more than 10 SNPs in a 30-base window) and/or low coverage (lower than the
median coverage for the respective metagenome) were removed. Only regions that were
found in all metagenomes were kept. For the remaining genomic regions, polynucleotides of
300 bases (N free) were generated. Only those polynucleotides with a G+C base content
between 30% and 40% were kept, similar to the G+C base content of the polynucleotides
used to target Altivir 1 MSI (Rahlff et al. 2021). Their melting profiles were predicted using
the DECIPHER R package (Wright 2016). To further aid the probe selection, we plotted the
remaining polynucleotides along the length of the pseudocontig, together with their
corresponding SNP counts (number of SNPs per polynucleotide) and coverage, for each
metagenome. The plots were inspected visually and the polynucleotides in the three probe sets
(Table S4) were chosen using the following criteria: i) localization on the same scaffold and
within a 10 000 bases region, to ensure a spatial proximity similar to that of the
Altivir 1 _MSI probes; ii) per polynucleotide SNP counts similar to that of the Altivir 1 MSI
probes, for which the SNP counts ranged of between 0 and 2.7 (see plot of the Supplementary
information 1&2); and iii) similar melting profiles (Table S5).

The polynucleotides were chemically synthesized by IDT (Integrated DNA
Technologies, CA, USA) as gBlocks® Gene Fragments. All eleven polynucleotides from
each probe set were mixed in equimolar ratios and then labelled as previously described
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(Rahlff et al. 2021), using the ULYSIS™ Alexa Fluor™ 594 nucleic acid labeling kit (Thermo
Fisher Scientific, MA, USA).

For targeting the 16S rRNA of Ca. A. hamiconexum a specific SM1- Euryarchaeon-
probe “SMARCH714” (5'-GCCTTCGCCCAGATGGTC-3', Moissl et al. 2003) was used. As
negative control for the experiment, also E.coli was used for applying the different amount of
probe sets and their combinations (Figure S2). Five biofilm flocks for each of the three probe
sets (probe set 1, 2, and 3) and each probe set combination (1+2, 2+3, 3+1, 1+2+3) were used
(n=35 in total). For details, please see Table S3-6.

2.4 Quantitative Real-time PCR (qPCR) Targeting Altivir 1_MSI and Archaeal as well as
Bacterial 16S rRNA Gene Sequences

A primer set for targeting the previously identified (Rahlff et al. 2021) viral genome
“Altivir 1 _MSI” (GenBank accession number #MW522970) was designed with Primer3
(Untergasser et al. 2012) resulting in Altivir 1 MSI F (5’-CGATTACACTCACCGGCTTG-
3’) and Altivir 1 MSI R (5’-CGCTCCAACCACGAATGATT-3’) (Table S7). The new
primer set was evaluated against NCBI’s nr and available metagenomes of archaeal biofilm
samples from the respective site (Probst et al. 2014b; Rahlff et al. 2021) using blastn
(Altschul et al. 1990). Archaeal 16S rRNA genes were targeted with primer set 345aF (5°-
CGGGGYGCASCAGGCGCGAA-3’, Burggraf et al. 1997) and 517uR (5’
GWATTACCGCGGCKGCTG-3’, Amann et al. 1995) and archaea- and bacteria-directed
16S rRNA genes with 515F (5*-GTGYCAGCMGCCGCGGTAA-3¢, Parada et al. 2016) and
806R (5°-GGACTACNVGGGTWTCTAAT-3¢, Apprill et al. 2015), which do not detect Ca.
Altiarchaecum. qPCR standards were generated by amplifying the respective product from
DNA from biofilms flocks, followed by cloning into Escherichia coli (TOPO® Cloning Kit,
Thermo Fisher Scientific, MA, USA) and purifying the respective vector. Inserts of the
vectors were confirmed via Sanger sequencing (Eurofins Genomics, Ebersberg, Germany).

Bacterial, archaeal, and Altivir 1 MSI abundances were estimated by qPCR in ten
individual MSI biofilm flocks (42.6 to 126 ng of DNA per flock) collected in February 2022.
DEPC-treated water was used as template for negative controls. Dilution series of the
respective vectors were used as positive controls (see above). Reactions were performed in
triplicates for all samples (here MSI biofilm flocks) and in duplicates or triplicates for the
respective standards (10110 or 10'-10° copies puL™!). The R? values of the standard curves
ranged from 0.96 to 0.99 (see Table S8).

All gPCR reactions (20 uL) were performed in MIC tubes (Biozym Scientific GmbH,
Hessisch Oldendorf, Germany) containing 18 pL master mix (2x qPCRBIO SyGreen Mix,
PCR Biosystems Ltd., London, UK), 0.4 uM of the respective forward and reverse primer,
1 uL bovine serum albumin (BSA) per reaction (Simplebiotech GmbH, Leipzig, Germany),
DEPC-treated water (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and 2 pL of
DNA template. The thermal cycling steps were carried out by using a MIC qPCR cycler (Bio
Molecular Systems, Queensland, Australia). For the primers targeting archaea and
Altivir 1 _MSI they consisted of 95°C for 2 min and 40 cycles at 95°C for 30 s, 60°C for 30 s,
and 72°C for 30 s. The qPCR steps for the archaea- and bacteria-directed 16S rRNA gene
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primers were set as follows: 95°C for 10 min and 35 cycles at 95°C for 10 s, 50°C for 30 s,
and 72°C for 30 s.

2.5 Statistical Analysis

A Kruskal-Wallis test was used to find significant differences among the different data
sets obtained by qPCR and virusFISH and was performed in R (version 4.1.2) (R Core Team,
2022). If significant differences (p <0.05) were observed, the post-hoc Dunn’s test was used
(Table S9).

2.6 Full Length 16S rRNA Gene Sequencing from DNA of Individual MSI Biofilm Flocks by
Using Nanopore Sequencing

For Nanopore sequencing of bacterial 16S rRNA gene amplicons, we used the forward
primer (5'-ATCGCCTACCGTGAC-barcode-AGAGTTTGATCMTGGCTCAG-3') and the
reverse primer (5'-ATCGCCTACCGTGAC-barcode-CGGTTACCTTGTTACGACTT -3")
from the 16S Barcoding Kit (1-24 Kit SQK-16S024, Oxford Nanopore Technologies (ONT),
Oxford, UK) with some modifications in the protocol. Full-length 16S rRNA gene PCR was
carried out in a total volume of 50 pL containing 15 uL DNA template, 5 U uL-! Taqg DNA
polymerase (Takara, CA, USA), 1x of PCR buffer (10x, Takara, CA, USA), 10 uL of
barcoded primer set forward/ reverse from ONT, 200 uM deoxynucleotide triphosphates
(dNTPs, Takara, CA, USA), 1 ug pL! BSA (Simplebiotech GmbH, Leipzig, Germany), 1%
(v/v) dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Thermal
cycling was carried out with an initial denaturation step (1) at 95°C for 10 min, (2)
denaturation at 95°C for 30 s, (3) annealing at 54°C for 30 s, (4) extension 72°C for 2 min (2-
24 cycles), followed by an extension at 72°C for 10 min. Resulting PCR products were
purified using Agencourt AMPure® XP beads (Beckman Coulter, IN, USA). The incubation
with the magnetic beads was extended from 5 to 10 min.

The PCR product concentration in ng uL! per barcode, with barcode sequences listed
in Table S10. The 90.67 fmol of amplicons were loaded on a R9.4.1 FlowCell (ONT).
Sequencing was performed for 48 h on a MinlON1kB sequencing device (ONT). Base calling
and demultiplexing were performed using Guppy (v6.0.7, super high accuracy model). Basic
sequencing statistics were collected using NanoPlot (v1.32.1) (De Coster et al. 2018).

Demultiplexed reads were classified via a custom script by mapping to the SILVA 138
SSU (https://www.arb-silva.de/documentation/release-138/) database (Quast et al. 2013)
(accessed on 13" of January 2023) via minimap2 (Li 2018) allowing for up to ten
mismatches. Reads mapping to the database were then clustered, and an OTU table created
with numbers of reads mapped to each reference sequence. The final OTU table contained
SILVA 138 taxonomy for each reference sequence and the numbers of reads mapped to the
reference sequence across all samples. In RStudio, OTUs assigned to “Chloroplast”,
“Mitochondria” or “Eukarya” were removed manually and relative abundances calculated.
Finally, after summarizing total read numbers at genus level per sample (tidyverse, Wickham
et al. 2019), ggplot2 (Wickham 2016) was used to generate heatmaps.
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3. Results

3.1 VirusFISH Reveals an Increase in Viral Infections of Ca. Altiarchaeum hamiconexum
Cells in the MSI over Four Years

We compared the virus-host ratio of Altivir 1 MSI and Ca. A. hamiconexum in
samples across four consecutive years (2019-2022) using a virusFISH protocol (Rahlff et al.
2021), in which we detected simultaneously the Altivir 1 MSI virus by using a set of eleven
dsDNA polynucleotide probes, and Ca. A. hamiconexum, its host by using rRNA targeted oli-
gonucleotides. To analyze spatial heterogeneity, i.e., different infection rates in individual
biofilm flocks, we analyzed 18 biofilm flocks per sampling event. This resulted in the analysis
of 55,827 individual cells, of which 2,854 were infected (Figure 1A). We found the same
three main infection categories as previously described (Rahlff et al. 2021): i) initial
infections, represented by small, dot-like signals and including the viral adsorption, genome
in-jection and early replication phases; i1) advanced infections, displaying the so-called “halo”
signals and including the advanced genome replication stages; and, iii) lysing infections,
recognizable from the virion release around the cells. While the percentage of advanced
infections decreased over the years from 76.5 to 54.4%, initial infections (8.6-13.3%) and
lysing infections (14.9-32.3%) constantly increased, except for the year 2021 (Fig 1A). In
general, the virus-host ratio increased from 0.12 to 0.28 throughout the years 2019 to 2022
(median; Figure 1B, Table S10). These absolute ratios agreed well with the virus-host ratios
previously found in metagenomes of biofilms from 2012 and 2018 (Rahlff et al. 2021). While
the ratio determined for the 2018 metagenome (0.0033) aligned well with the in-creasing
trend in virusFISH from 2019 to 2022, the ratio of 0.312 from the 2012 meta-genome was
extraordinarily high, however, still in the range of the virusFISH-based ratios observed across
the years. In addition, we also calculated the virus-host ratio for ten individual biofilm flocks
sampled in 2022 for analyzing the distribution of Altivir 1 MSI, Ca. A. hamiconexum, and
the bacterial community composition (for more details please see section 3.4). Here, the virus-
host ratio ranged from 0.001 to 0.492, similar to the ratio obtained for the 17 biofilm flocks
(Figure 1B). In Figure 1B, significant differences between populations are marked with an
asterisk showing a p-value <0.01.
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Figure 1: VirusFISH-based enumeration of infections of Ca. A. hamiconexum with Altivir 1 _MSI across

multiple years (A) and differences in virus-host ratios across techniques and years (B).

A. VirusFISH was performed by using a specific probe targeting Altivir 1 MSI within 18
altiar-chaeal biofilms from each year sampled from the MSI (Rahlff et al. 2021). The
enumeration was conducted manually (data are listed in Table S11). The biofilms were
visualized by using three different fluorescent channels: DAPI (blue, archaeal cells), ATTO
488 (purple, SMArch714, 16S rRNA signal), and Alexa 594 (yellow, the probe mix specific
for the Altivir 1 _MSI genome). The three fluorescent channels were merged for visualization
(individual images available on FigShare). Each of the merged micrographs shown here

85



II1. Publications

represent a different stage of viral infection. Purple arrow — virus attachment to the host’s cell
surface. White arrows — advanced infections with “halo” signals. Orange arrows — cell burst,
and release of free virions, according to Rahlff et al. 2021). Scale bars: 1 um. The number of
initial infections were corrected (indicated by an asterisk) by a factor of ~6.7 (100% detection
efficiency/15% calculated detection efficiency of direct-geneFISH), but not the number of
advanced and lysing infections, which are expected to have more than ten viral genome
copies per cell. For details on infection frequency please see next paragraph in the main text.
B. The distribution of virus-host ratios across biofilm samples was determined using: i) meta-
genomic read-mapping (data from Probst et al. 2013; Rahlff et al. 2021) on samples from
2012 and 2018; ii) qPCR on ten individual biofilm flocks from 2022; and, iii) the results
obtained by virusFISH from 2019, 2020, 2021, and 2022 (data corresponds to panel A). The
Kruskal-Wallis and post-hoc Dunn’s test were used to compare the virus-host ratios across
qPCR and virusFISH datasets. Highly significant differences between populations are
indicated with asterisks (p <0.01). For details, please see Table S8. Different colors indicate
different years or methods.

3.2 Determining the Detection Efficiency of VirusFISH via Host-Directed Direct-GeneFISH

We observed striking differences in the abundance of the three infection categories
across all years, with the abundance of the initial infection stage being the lowest (8.6%-
13.3%; Figure 1A). The number of viral genomes per cell varies during the virus reproduction
cycle. During the initial stage of infection, there can be as little as one viral genome copy per
host cell. Because the detection of single copy targets in virusFISH is at the limit of
sensitivity, potentially resulting in decreased detection efficiencies, we investigated here
whether the low numbers of initial infections stem from a low detection efficiency. For this,
we designed a direct-geneFISH protocol (on which the virusFISH is based) that compares the
detection efficiency of Ca. A. hamiconexum cells by genome-targeted polynucleotide probes
with the detection of Ca. A. hamiconexum by 16S rRNA probes. The latter is known to have
a 100% detection efficiency, based on previous publications (Henneberger et al. 2006; Probst
et al. 2014a, 2013). Three different Ca. A. hamiconexum probe sets were designed, each
having eleven polynucleotides and other similar properties (G+C base content, polynucleotide
length, etc. — see “Materials and methods” section) with the probe mix targeting
Altivir 1 MSI. To avoid targeting individual strains of Ca. A. hamiconexum, which are
known to exist in MSI (Probst et al. 2014b), the probe design was performed on genomic
regions which had a coverage equal or larger than the median coverage in four metagenomes
(Rahlff et al. 2021).

We first applied each probe set targeting the host genome individually and retrieved a
detection efficiency of 15.0-16.1% compared to 16S rRNA geneFISH (see Figure 2).
Hybridizing with combinations of two or three probe sets, to obtain probe mixtures of 22 and
33 polynucleotides, showed a linear increase of the detection efficiency. The highest
efficiency was obtained for the 33-polynucleotide mixture, with an average detection
efficiency of 43.5% (for the calculation see Table S7). Transferring these results to
virusFISH, where we target a single Altivir 1 MSI genome by using eleven probes, means
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that more than three viruses in close vicinity are needed to reach a detection efficiency greater
than 50%. In other words, at least seven viruses in close vicinity are necessary to achieve a
detection efficiency of 100% when extrapolating these findings. Therefore, it is likely that our
virusFISH results have underestimated the number of initial infections (category 1) by a
factor of ~6.7, but not the number of advanced and lysing infections, which are expected to
have more than ten viral genome copies per cell.
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Figure 2: Determination of the detection efficiency of direct-geneFISH by using different probe sets targeting
the genome of Ca. A. hamiconexum.

A. Three probe sets (probe set 1, 2 and 3 consisting of eleven probes each, Table S4) were designed based on the
Ca. A. hamiconexum genome (see methods for details). The sets were combined to create probe mixtures with
22 polynucleotides (probe set 1+2, 243 and 3+1) and a probe set with 33 polynucleotides in total (1+2+3). For
each probe set (1, 2, and 3) and probe set combination (1+2, 2+3, 3+1, 1+2+3), five biofilm flocks were used (n
= 35). The different amounts of polynucleotides in a mixture were positively correlated with the detection
efficiency (R? = 0.992, linear regression analysis).

B. Illustration of the detection efficiency in a bee swarm plot. The detection efficiency increases with increasing
number of polynucleotides in a probe mixture (raw data can be found in Table S6&S7).

C. Visualization of the different detection efficiencies using fluorescence micrographs according to Figure 1.
Biofilms were visualized by using three different fluorescent channels that were merged together: DAPI (blue,
archaeal cells), ATTO 488 (purple, SMArch714, 16S rRNA signal), and Alexa 594 (yellow, probes targeting the
Ca. A. hamiconexum genome). Scale bars: 5 pm. For unmerged imaging data see Supplementary material
(Figure S3-S5). Raw image data available through FigShare. Scale bar 5 pm.

3.3 Filamentous Microorganisms Are Enrviched in Areas of Vast Viral Lysis Suggesting a
Development of Ca. A. hamiconexum Biofilms over Time

Using virusFISH, we observed different degrees of infection with Altivir 1 MSI of
the Ca. A hamiconexum biofilms (n= 68). For some biofilm flocks (two out of 68), we
observed a high accumulation of filamentous microorganisms in areas where Ca. A.
hamiconexum showed heavy infections and viral lysis (Figure 3D). Although a similar
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accumulation of bacteria was generally observed in biofilm flocks (Figure 3A-C), their
abundance was low (Rahlff et al. 2021). In concert with results published previously (Rahlff
et al. 2021), these results demonstrate that Ca. A. hamiconexum biofilms from MSI are
homogeneous in terms of the associated bacterial community composition. We further suggest
that the biofilms undergo a temporal development dependent on viral infections, with the
main stages depicted in the individual panels in Figure 3. Initially, the biofilm shows no to
very few viral infections (based on all infection categories, 17 out of 68 imaged flocks across
2019-2022, Figure 3A). Then, the infection frequency increases (47 out of 68, Figure 3B),
until the vast majority of cells are infected (two out of 68 biofilm flocks, Fig 3C). And finally,
many Ca. A hamiconexum cells lyse and filamentous microbes enrich along with the cell
debris (two out of 68 biofilm flocks, Figure 3D). Out of 68 biofilms, 64 individual biofilms
(94%) were infected, and four biofilms (6%) had no detectable infections (for raw data please
see Table S2). Filamentous microbes that often appeared along with cell lysis are likely
bacteria, as indicated by the previous identification as such of organisms with similar
morphology (Probst et al. 2013), and by results based on 16S rRNA gene amplicon analysis
(see below).

Figure 3: VirusFISH shows how infections of Altiarchaeota with Altivir 1 MSI in biofilms could progress over
time. Here independent biofilm flocks with different infections frequencies are depicted. Infection frequencies
are based on viral abundances derived from all infection categories (1-3).
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A. Biofilms show no to very few viral infections (low infection frequency).

B. The infection frequency increases.

C. The vast majority of host cells are infected.

D. Lysis of Ca. A hamiconexum cells appears to promote the enrichment of filamentous microbes along with
cell debris. White arrows indicate filamentous microbes. Micrographs were taken according to Figure 1 and raw
data is available under FigShare. For unmerged imaging data see Supplementary material (Figure S6-S9). Scale
bar: 10 pm.

3.4 Biofilm Flocks with Different Virus-Host Ratios Are Associated with a Constant
Bacteriome

To investigate bacteria associated with biofilms with different infection frequency of
the Ca. Altiarchaea cells, we sampled ten individual flocks from 2022 and investigated the
virus-host ratio, bacterial abundance, and the bacterial community composition using near
full-length 16S rRNA gene amplicon sequencing (Figure 4A, B). Our qPCR analysis (Figure
4A) displayed already a constant distribution of archaea (mainly Ca. A. hamiconexum)
ranging from 7.07 x 10% to 2.52 x 10° copies per pL, Altivir_1_MSI from 1.26 x 10° to 4.52 x
10% copies per uL, and bacteria from 5.93 x 10° to 2.66 x 10° copies per puL in the ten
individual biofilm flocks. The virus-host ratio varied from 0.001 to 0.492 based on specific
qPCR assays. The ratio of Ca. A. hamiconexum to bacteria varied from 569.524 to 1,240.105
(raw data in Table S12). Besides Ca. A. hamiconexum, the community comprised only
bacteria, and was dominated by organisms of the genus Desulfocapsa. However, there was no
significant correlation between Altivir 1 MSI abundance and bacterial abundance, the
community composition, or the top three most abundant organisms (Figure S10).
Proteobacteria (class: Desulfobacterota) was the most predominant phylum, accounting for
up to ~76% of the total relative abundance. Desulfocapsa was present in all ten biofilm
samples with 20-75.7%. Six biofilms showed also hits for another, potentially sulfate-
reducing bacterial clade belonging to Desulfovibrio, with a relative abundance between 5.4
and 14.4%. As a third group of organisms associated with sulfate-reducing bacteria, we
detected a member of the Desulfobacterium catecholicum group, with 12.2% of the total
relative abundance within one single biofilm. Other bacteria, e.g., Spirochaetota, were also
present in relatively low abundance (5.6%) in one single biofilm flock besides some
uncultivated/ unclassified bacteria (rel. abundance between 5.0-32.7%). Next to many
uncultivated bacteria, we also found hits for members of the phylum Bacteroidota, accounting
for 11.3% of the relative abundance, and, e.g., Lentimicrobium (also a representative of the
phylum Bacteroidota) with a relative abundance of 10.2 and 11.8% detected in two biofilm
flocks, in which the abundance of Altivir 1 MSI was also high. We conclude that the
bacteriome of these ten individual biofilm flocks displayed a stable community consisting of
heterotrophic and potentially sulfate-reducing bacteria.
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Figure 4: Quantification of microbes and bacterial community composition of ten individual biofilm flocks from

MSI sampled in 2022.
A. gPCR data targeting archaea, bacteria, and Altivir 1 MSI of ten individual MSI biofilm flocks. For raw data

please see Table S12.
B. Community heatmap depicting the relative abundance (%) of the bacterial taxa at the genus level based on

16S rRNA gene information derived from individual MSI biofilm flocks.

4. Discussion

The deep biosphere harbors by far the largest reservoir of organic carbon on Earth
(Bar-On et al. 2018; Kallmeyer et al. 2012) and is estimated to contain of 6x10% prokaryotic
cells (Magnabosco et al. 2018), including members of not-yet cultivated bacteria and archaea.
Despite the ecological and biogeochemical importance of prokaryotes in the deep biosphere,
there is little information about the temporal succession and spatial distribution of their
mortality due to viral attack. In a previous study, we linked metagenomics and virusFISH to
study one specific virus-host system from the deep subsurface, here Ca. A. hamiconexum and
its virus Altivir 1 MSI (Rahlff et al. 2021). Building upon this knowledge, we now
investigated the stability of the virus-host system using virusFISH, over a period of four

consecutive years. We have confirmed previous results on the different stages of viral
infection on Ca. A. hamiconexum, but we also revealed a constant increase in virus-host
ratios, i.e., potential infection frequency, over the years 2019 until 2022.

Comparing the virusFISH results with those from other methods, i.e., qPCR and
metagenomics, revealed substantial differences, although results were in the same order of
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magnitude. These differences likely stem from the different sampling times (see Figure 1B)
and also, from the specific biases that each method has, e.g., DNA extraction efficiency,
primer binding efficiency, and labeling rate in fluorescence microscopy. Moreover, the size
and the thickness of the biofilm can vary substantially, potentially leading to a reduction of
virusFISH signals in thicker biofilm samples, due to the relatively strong autofluorescence of
the EPS. However, we only used thin biofilm samples consisting of few cell layers for our
analyses and their heterogeneity revealed via virusFISH showed significant differences in
infection frequencies, i.e., from no detectable infection to >94% of infections across different
biofilms from different years. Consequently, the virus-host ratio determined via
metagenomics—often based on sampling hundreds of biofilm flocks across several sampling
campaigns (Probst et al. 2014b)—might rather reflect an average ratio, while qPCR is the
more suitable technique to resolve virus-host ratios across individual biofilm flocks.
However, qPCR does not allow to differentiate between the different infection stages within
the biofilm. Since quantitative PCR methods and relative abundance measures of
metagenomics usually correlate well for deep biosphere communities (Probst et al. 2018) and
virusFISH helps to wunravel the underlying infection stages, these approaches are
complementary for determining the heterogeneity of such biofilms.

By investigating 68 individual biofilms flocks via virusFISH over four years, we
identified two flocks that were heavily infected (nearly every cell with a virus signal) and
another two with many lysis states. The latter two also revealed the accumulation of many
filamentous microorganisms.

Moreover, Ca. A hamiconexum were previously found to be associated with
filamentous bacteria identified as Sulfuricurvum sp., which potentially lives in syntrophic
relationship with Ca. A hamiconexum in oxygenated biofilms at the spring outflow (Rudolph
et al. 2004). While the sulfur oxidation of Sulfuricurvum sp. is usually tied to oxygen
reduction, species of this genus have been reported to oxidize sulfur compounds with nitrate
(Kodama and Watanabe 2004), which has been reported in the spring water (Rudolph et al.
2004). Consequently, these filamentous structures around viral bursts could correspond to
Sulfuricurvum sp., as sequences classified as such were also detected in our 16S rRNA gene
analysis.

Furthermore, Lentimicrobia, which are usually strictly fermentative bacteria (Zhang et
al. 2017) but can also participate in sulfate reduction (Li et al. 2020), were found in two
biofilms. However, none of the abundant bacterial taxa that were detected in the 16S rRNA
gene survey correlated with the viral abundance from qPCR. (Figure S10). Nevertheless, we
further suggest that some bacteria (e.g., the unclassified and/ or other 5%) could also feed off
cell remnants from lysed Ca. A. hamiconexum. These findings corroborate our previous
hypothesis that viral lysis of primary producers likely jump-starts heterotrophic carbon
cycling in the deep biosphere (Rahlff et al. 2021), and it may be a small fraction of the entire
bacterial community that particularly benefits from virus-mediated nutrient release.

Having images of 68 biofilm flocks at hand, we developed a theory for the temporal
succession of infection, starting with low to no viral signals, and ending up with many lysis
states that involve filamentous microbes. We found that most infections were categorized as
advanced infections, which is probably because this infection stage has the longest duration
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and is consequently more often captured than initial infections or lysing infections. Not only
the detection efficiency underestimates initial infections, but also the lower chance of
observing such stages likely affected our results. Due to the proximity of cells in biofilms,
viruses might easily jump between hosts without necessarily starting immediate infections.
The biofilm itself could limit viral dispersion, since a study on virus-host dynamics in a
microbial mat found that the lowered mobility in a biofilm would rather support lysogeny as
the predominant viral lifestyle (Jarett et al. 2020), which is clearly not the case in the MSI
ecosystem. Furthermore, Rahlff et al. 2021 described that Ca. A. hamiconexum uses adaptive
immune defense in the form of clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas system to defend itself from Altivir 1 MSI, and hence we expected the
observed oscillating infection frequencies being typical for a reasonably stable virus-host
arms race (Rahlff et al. 2021). Active CRISPR defense will also mean that many viruses in
adsorption stage (category 1), will finally not successfully replicate in the host. However,
virus-host ratios clearly increased over the years as did the number of observed viruses
undergoing adsorption. This suggests that the virus try to counteract the host defense by
heavy proliferation, facilitating chances for mutations that would allow circumventing the
host’s armor. Increasing numbers of SNPs were already observed in Altivir 1 MSI between
2012 and 2018 (Rahlff et al. 2021).

The heterogeneity of infection frequencies in biofilms flocks of Ca. A hamiconexum
further suggest that biofilms with a high cell density increase host cell contact, enabling a
heavy spread of viruses after lysing their hosts. Consequently, these results support the
hypothesis by Anderson et al. 2011, that this mode of viral dispersal and predation plays an
important role in the deep biosphere (Anderson et al. 2011). Since previous studies about deep
subsurface viruses do not provide information on ecosystem dynamics (Holmfeldt et al. 2021;
Wirth and Young 2022), the year-long stability of Ca. A. hamiconexum and its virus
Altivir 1 _MSI described herein render their interaction, a perfect model system for studying
virus-host interactions of aquatic samples from the deep biosphere.

5. Outlook

Despite the promising results of Ca. A. hamiconexum and its virus Altivir 1 MSI
regarding their detection in situ, the virus-host ratio, and the infection frequency, many
questions remain unanswered. First and foremost, the virion structure of Altivir 1 MSI has
still not been identified and the current knowledge ends with bioinformatic analyses and
virusFISH tagging. For linking the viral genome to the corresponding viral morphology,
different possible approaches can be carried out in the future. One approach might be linking
virusFISH and atomic force microscopy or scanning electron microscopy (SEM; (Turzynski
et al. 2021)). Another promising approach could be Raman microspectroscopy for
identification of infected Ca. A. hamiconexum cells (Monsees et al. 2022) and its coupling to
embedding and transmission electron microscopy (TEM). While these approaches are based
on correlative microscopy, traditional immunogold labeling of viral proteins in MSI biofilms
will eventually lead to the discovery of the actual virion structure visualized by TEM. With a
specific method for detecting Altivir 1 MSI virions in fluorescence microscopy at hand,
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additional surveys regarding their occurrence and the accumulation of filamentous bacteria
along with Ca. A. hamiconexum cell debris would bolster studying the viral ecology in this
deep biosphere model ecosystem.
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IV. General Discussion

In this thesis, the interplay of Ca. Altiarchaea and their virus Altivir 1 MSI was
investigated for one special ecosystem, a sulfidic spring called the Muehlbacher
Schwefelquelle, which is located in Regensburg (Germany). For studying the interactions
between this unique archaeon and their virus, cultivation-independent technologies, like
metagenomics and imaging techniques, were used to obtain an original picture of this
exceptional virus-host system. The direct linkage of information obtained via in silico
analysis and the observations via in situ techniques enabled us to study how this virus can
shape microbial communities within the deep terrestrial subsurface and how microbial
interactions detected by these techniques can bolster our understanding in this less studied
field of archaeal virology. By using virusFISH, we showed that Ca. Altiarchaca was
continuously infected by the lytic virus Altivir 1 MSI with the effect that other
microorganisms (here mainly sulfate-reducing bacteria) were benefitting from lysing events

of bursting archaeal cells.

1. Piracy in the deep subsurface — the effects of Altivir 1 MSI on Ca. Altiarchaea

The advances in viral metagenomics and imaging (e.g., in the field of FISH) have
enabled us deeper investigations for the identification and characterization of viruses. By
using transmission electron microscopy (TEM) and epifluorescence microscopy (EFM) first
information that viruses represent a prevalent component of, e.g., the deep subsurface can be
obtained. For instance, seven years ago, advances in epifluorescence microscopy resulted in
an approach called “virusFISH” for directly visualizing viruses in environmental samples.
The studies herein were one of the first studies that successfully coupled metagenomics with
virusFISH for displaying virus-host dynamics (here Ca. Altiarchaeum hamiconexum and its
virus Altivir 1 _MSI) within ecosystems. The first study was conducted by Hochstein and co-
workers (2016) on the interaction between Acidianus tailed spindle virus (ATSV) and its host
Acidianus hospitalis W1, both obtained and isolated from hot springs (Hochstein et al. 2016).
This study made a major contribution to the research on archaeal large spindle viruses, which
previously only included Acidianus two-tailed virus (ATV), Sulfolobus tengchongensis
spindle-shaped virus 1 (STSV1), Sulfolobus tengchongensis spindle-shaped virus 2 (STSV2),
and Sulfolobus monocaudavirus 1 (SMV1) (Hochstein et al. 2015), and now also the ATSV
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virus (Hochstein et al. 2016). Furthermore, Jahn and co-workers (2021), and this is the second
study that coupled metagenomic information with imaging, used a very promising approach
called PhageFISH-CLEM (correlative light and electron microscopy: CLEM) for
investigating the spatial distribution of viruses within sponge holobionts (Jahn et al. 2021).
More research attention has been paid on exploring in sifu viral-host interactions in
enrichment cultures by using phageFISH (Allers et al. 2013) or direct-geneFISH (Barrero-
Canosa et al. 2017). These techniques were quickly expanded to, e.g., eukaryotic
microorganisms like Ostreococcus by using phageFISH/ virusFISH (Castillo et al. 2021,
2020; Zimmerman et al. 2019) or by single-molecular FISH (smFISH) on Emiliania huxleyi
(Vincent et al. 2021). Furthermore, a recent study that focused on marine phages from the
North Sea successfully isolated a new ssDNA phage called “Ascunsovirus oldenburgi
(ICBM5Y)” that uses a lytic and a carrier-state infection strategy (Zucker et al. 2022). By using
direct-geneFISH on pure cultures, the authors could monitor viral infections on Sulfitobacter
dubius SH24-1b (Zucker et al. 2022). However, the usage of culture-independent techniques
on environmental samples (Castillo et al. 2021, 2020; Hochstein et al. 2016; Jahn et al. 2021;
Rahlff et al. 2021; Vincent et al. 2021; Zimmerman et al. 2019) and in combination with
metagenomics remains limited (Hochstein et al. 2016; Jahn et al. 2021; Rahlff et al. 2021).
Until now, only two studies that formed a major part of the present thesis, in which virusFISH
was used on environmental samples, focused also on the ecological effects that viruses might
have after a successful cell lysis of their hosts (Rahlff et al. 2021; Turzynski et al. 2023).
Since the viral role in the deep terrestrial subsurface is rarely considered (Anderson et
al. 2013), we have focused precisely on this specific, difficult to access ecosystem for
obtaining information on virus-host interactions for filling specific knowledge gaps in this
field. The present studies that dealt with metagenomics and virusFISH showed that Ca.
Altiarchaea is continuously hijacked by their virus, evidence that eight years ago was still a
hypothesis (Probst and Moissl-Eichinger 2015). At this time, only one single electron
micrograph showed black dots adhering on the cell surface of Ca. Altiarchaea, suggesting
putative viruses. However, their role in archaeal biofilms and their impact on the carbon cycle
in the deep subsurface remained unclear (Probst and Moissl-Eichinger 2015). In the present
thesis, it was shown that over a period of four years biofilms of Ca. Altiarchaea are constantly
infected by Altivir 1 MSI. In addition, it was displayed that some biofilms showed no viral

infections, and some were heavily infected. A review with the focus on archaeal viruses but in
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hot springs reported the same: not all cells are constantly interacting with viruses (Munson-
McGee et al. 2018), which could be true for cells living in deep subsurface biofilms.

While the complete lifecycle of most archaeal viruses remains unknown, there are
several theories which putative lifestyles could be present in extreme environments (Anderson
et al. 2011, 2013). For instance, ecosystems with a low nutrient flux like sediments or
hydrothermal vents are considered to have high numbers of lysogenic hosts, thus the
dominant viral lifestyle must be lysogenic (Anderson et al. 2011, 2013; Weinbauer 2004;
Williamson et al. 2008; Paul 2008). Since we are in the “early days” in Archaeal Virology,
studies on archaea, e.g., in hot springs showed the controversy. The high prevalence of
infections on archaea are chronic and represent the common viral lifestyle in environments
with a low host cell density (Munson-McGee et al. 2018; Weitz et al. 2019). Until now, the
statement that lysogeny is the common viral lifestyle in the deep subsurface represented a
hypothesis (Anderson et al. 2011).

The virusFISH results showed a lytic viral lifestyle for Altivir 1 MSI, as indicated by
three main infection stages: I) initial infection with the viral adsorption to the host cells, II)
advanced infection with intracellular virus signals and ring-like signals around the host cells,
and III) cell lysis with bursting cells and the release of new virions, similar to those three
stages reported by Zimmerman et al. (2019) (Zimmerman et al. 2019). Our observed main
infection stages displayed a lytic virus and contradict the aforementioned hypothesis of
Anderson et al. (2011) that lysogeny prevails as the dominant vital lifestyle in the subsurface
(Anderson et al. 2011). Furthermore, the advanced infection stage was the most dominant
infection stage. If, e.g., a chronic infection would be the favorable viral lifestyle as reported
for ecosystems with a low host cell density (Munson-McGee et al. 2018; Weitz et al. 2019), a
constant release of virions and no host cell lysis would be observed (Krupovic et al. 2018; Liu
et al. 2017; Pietila et al. 2016). Focusing on the biofilms of the Muehlbacher Schwefelquelle
showed a high host cell density and cell lysing events by Altivir 1 MSI, both representing
factors that contradict the theory of chronic infections of Ca. Altiarchaea.

For exploring the lytic lifestyle in detail, the structural resolution of Altivir 1 MSI
and first high-resolution images of, e.g., the release of new virions after a successful infection
would be needed which are still missing. The power of correlative microscopy would advance
our current understanding of viruses of Ca. Altiarchaea. First attempts were made by linking
fluorescence microscopy to atomic-force microscopy (AFM) (Figure IV.1, A, B, unpublished

results). It was found that the cell morphology and size of Ca. Altiarchaea changed during
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viral infection. The cell morphology was irregular in shape and seems “swollen” (Figure IV.1,
A). A recent study on the unique archaeal virus STSV2 that can induce cell gigantism of the
host cells showed the same (Liu et al. 2021). After a successful infection, a dramatic increase
of the host cell size was observed via AFM by becoming more than twice bigger in diameter
compared to non-infected cells (Liu et al. 2021). However, research to date has not yet
investigated if Altivir 1 MSI can induce cell gigantism on Ca. Altiarchaea cells.

In addition, some AFM pictures displayed potential viruses adhering on Ca.
Altiarchaea cells (Figure 1V.1, B), which likely appear to have an icosahedral and tailed
structure. It can be assumed that based on the schemes of Ackermann and Prangishvili (2012)
and Pietild et al. (2014), Altivir 1 _MSI could belong to the Myoviridae, Siphoviridae or
Podoviridae family (Ackermann and Prangishvili 2012; Pietild et al. 2014). However, higher
resolution imaging techniques are required to confirm this hypothesis. According to the study
of Ackermann and Prangishvili (2012), viruses belonging to, e.g., the Siphoviridae family
makes up to 57.3% of all prokaryotic viruses, besides Myoviridae with 24.8% or Podoviridae
with 14.2% (Ackermann and Prangishvili 2012). However, viruses of the Myoviridae seem to
be frequently found in relation to archaeal hosts (Ackermann and Prangishvili 2012).
According to the genome size of the Altivir 1 _MSI virus that is 8.9 kb, these virus do not
seem to fit to the order Caudovirales, because all members of the three families belonging to
Caudovirales show genome sizes of above 30 kb (Krupovic et al. 2018). At this point,
Altivir 1 MSI would represent an archaeal specific virus with a small genome size according
to the scheme of Krupovic et al. (2018) (Krupovic et al. 2018). In addition, a tailed structure
of Altivir 1 MSI virions was not observed by using TEM (see Manuscript 3: Lytic archaeal
viruses infect abundant primary producers in Earth’s crust, Rahlff et al. 2021), which would
reject the hypothesis of having a virus belonging to the three above mentioned families.

Taken together, these AFM images must be interpreted with caution because with
AFM 1 did not resolve any hami-structure of Ca. Altiarchaea. This would lead to the
assumption that the AFM setting, or the treatment of the sample is not sufficient for AFM
analysis. Thus, further work is required for resolving first the hami-structure of Ca.
Altiarchaea cells via AFM in order to then investing archaeal viruses. For unraveling the viral
morphology, coupling virusFISH to TEM/ SEM has to be performed. However, to the best of
our knowledge, no study that focused on prokaryotic viruses in environmental samples has
linked these two imaging techniques, which have shown great potential but still need to be

optimized.
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Figure IV.1: (A) Morphological changes of infected Ca. Altiarchaea cells achieved by linking epifluorescence
microscopy (here virusFISH) to atomic-force microscopy (AFM). Biofilm material was analyzed with DAPI
(blue, cells), ATTO 488 (green, 16S rRNA signal) and Alexa 594 (red, viral genomes of Altivir 1 MSI) and
merged. Scale bars: 10 um and 2 um. (B) Putative viruses adhering on Ca. Altiarchaea cells. Scale bars: 1 pm.

Besides the lifestyle of Altivir 1 MSI, we also observed that infected cells were more
abundant in certain regions of the biofilm where lower amounts of biofilm matrix were
present (see Figure IV.2 A, B). This would lead to the assumption that the biofilm matrix can
serve as a shield to protect the embedded Ca. A. hamiconexum cells from viral attack
(Costerton et al. 1987; Roberts 1996; Weinbauer 2004; Wilkinson 1958). It is generally
considered that the biofilm matrix (comprising of, e.g., the EPS) act as a barrier for viruses.
However, viruses can overcome this barrier by, e.g., producing specific enzymes to infect
their host, and damage the biofilm matrix (Doolittle et al. 1995b; Fernandez et al. 2018;
Hanlon et al. 2001; Secor et al. 2015; Webb et al. 2003; Weinbauer 2004; Yu et al. 2016).
Research to date has not yet determined if Altivir 1 MSI uses enzymes for overcoming the

EPS of Ca. Altiarchaea and remains an open question to be answered in future research.
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SI_probe mix

Figure IV.2: Viral infections of Altivir 1 _MSI on Ca. Altiarchaea biofilms. (A) Minor viral infections due to multiple layers
of the biofilm. (B) Biofilm with a less EPS matrix and many viral infections. Biofilm material was analyzed with DAPI (blue,
cells), ATTO 488 (purple, 16S rRNA signal) and Alexa 594 (yellow, viral genomes of Altivir 1 _MSI) and merged. Scale
bars: 10 pm.

In addition, the spatial organization of the biofilm cells and the cell density can be also
a determinant to the success of viral infection (reviewed in Pires et al. 2021) and can act as a
“shield” by reducing the events of infections since viruses can also adsorb to
exopolysaccharides or cell debris (Hansen et al. 2019). Moreover, due to the biofilm
development, the thickness and the width of the biofilm, and the availability of nutrients
within the biofilm gradually increase (reviewed in Xu et al. 2022). Nutrient gradients within a
biofilm determine the different metabolic states of cells, e.g., active, dead, stationary or being
dormant (Morita 1999; Jergensen 2011). For instance, the spatial organization of cells within
biofilms lead to a localized growth and limited mobility creating cell clusters with dormant/
persisting cells (Hansen et al. 2019). It has been generally considered that cells with different
metabolic activities in the microbial community cooperate to improve survival ability (Xu et
al. 2022). In addition, the age of the biofilm is also an important factor for a successful viral
infection. According to Ferriol-Gonzélez and Domingo-Calap (2020) and Pires et al. (2021),
the number of biofilm cells with a reduced metabolic activity is expected to increase with the
biofilm age (Ferriol-Gonzéalez and Domingo-Calap 2020; Pires et al. 2021). Thus, older
biofilms (most common in nature) will be less susceptible to viruses than younger biofilms
(Sillankorva et al. 2008; Pires et al. 2021). Due to different sampling events and different
biofilms floating out of the spring with a flow rate of about 5.50 m® h'! (Henneberger et al.

2006), both, older and younger biofilms were to be included in our experimental approaches.
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1.2. Under Attack — Ecological implications of infected Ca. Altiarchaea on the
community composition

Research to date that focus on the usage of virusFISH has not yet determined the
effects of viral infections on the whole microbial community in ecosystems. The virusFISH
results showed that, due to the constant viral attack of Altivir 1 MSI on Ca. Altiarchaea,
Altivir 1 MSI might act as a potential top-down controller by following the “killing the
winner model” (Thingstad and Lignell 1997; Thingstad 2000), and possibly control the whole
diversity of the host community in the MSI. Furthermore, this virus might stimulate the
growth of the remaining community members through the regeneration of nutrients, thereby
acting also as a bottom-up controller (Storesund et al. 2015). This “viral shunt” (i.e., nutrient
release after host cell lysis) facilitates bacterial growth by mediating a shuttle of organic
carbon from autotrophs to heterotrophs in the subsurface, stimulate heterogeneity, and leads
to a stable bacterial coexistence in this ecosystem. Hence it could conceivably be
hypothesized that viruses, like Altivir 1 MSI, are essential key players in ecosystem’s
functioning and can control the carbon content in ecosystems due to viral infections, an
observation which was recently reported for, e.g., deep sea ecosystems (Danovaro et al. 2008;
Gao et al. 2022).

Heterotrophs like sulfate reducing bacteria from the MSI (Henneberger et al. 2006;
Probst et al. 2013) are important constituents of the deep terrestrial subsurface, represent often
the dominant metabolic group where, e.g., sulfate is present (Bell et al. 2020). Our 16S rRNA
gene sequencing across individual biofilms of the MSI indicated that the associated bacterial
community was dominated by sulfate reducing representatives of Desulfobacterota, for
instance, of the class Desulfocapsa and Desulfovibrio, a similar trend that was also reported in
the study of Probst et al. (2013) (Probst et al. 2013). What is very interesting is the fact that
key enzymes for the Wood-Ljungdahl pathway and corresponding peptides were found in the
proteome of , e.g., Desulfocapsa, suggesting that the acetyl-CoA pathway could also be used
for the oxidation of small organic compounds in the deep subsurface (Bell et al. 2020).
Moreover, both Desulfocapsa and Desulfovibrio are also able to grow on acetate (Finster et al.
1998) that is produced during the decomposition of organic matter by, e.g., acetogenic
microbial communities (Nuppunen-Puputti et al. 2018), and can be further used by those
sulfate reducers (Pedersen et al. 2008).

Sulfate reducers are the main driver of the sulfur cycle in the deep terrestrial

subsurface and perform microbial sulfate reduction by producing sulfide. Our results display
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an active microbial community not only consisting of sulfate reducing bacteria but also of
sulfide oxidizing bacteria, suggesting that both together mediate the sulfur cycle in the MSI.
The filamentous bacteria, which may benefit from viral lysis of Ca. Altiarchaea (Figure IV.3)
could be associated with Sulfuricurvum sp. (Rudolph et al. 2004). Species of this genus have
been reported to oxidize sulfur compounds with nitrate (Kodama and Watanabe 2004), can
grow anaerobically on, e.g., sulfide, has been reported in the MSI spring water (Rudolph et al.
2004) and were also detected in our 16S rRNA gene analysis.

Figure IV.3: Viral infections of Altivir 1 _MSI on Ca. Altiarchaea biofilms showing many filamentous bacteria putatively
benefitting from cell debris and released nutrients from lysing Ca. Altiarchaea cells. Biofilm material was analyzed with
DAPI (blue, cells), ATTO 488 (purple, 16S rRNA signal) and Alexa 594 (yellow, viral genomes of Altivir 1 _MSI) and
merged. Scale bars: 5 um.

Since it was strictly assumed that Altivir 1 MSI has a lytic lifestyle according to the
virusFISH results presented herein, and the main infection stages, environmental conditions
can also influence the host physiology and can regulate the characteristics of a lytic viral
infection (reviewed in Mojica and Brussaard 2014). For instance, after a successful infection,
free virions are released from their hosts into the environment and are directly exposed to
environmental factors that can reduce the infectivity, abundance by degradation or removal,
or affect the new adsorption to their host by reducing the chance of a new successful infection
(Mojica and Brussaard 2014). One main factor for viral inactivation is, e.g., the temperature.

It was shown for, e.g., marine viruses that an increase in temperature lead to an induced loss
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of viral infectivity or inactivation (Nagasaki and Yamaguchi 1998). Moreover, the optimal
temperature for viral replication generally matches the temperature for host’s growth because
viruses are dependent on their hosts (Mojica and Brussaard 2014). It has been generally
considered that the ideal temperature range for viruses is 4 to 10°C, where viruses are
generally stable with pH values between 5 and 9 (Florent et al. 2022). These values are
consistent with the environmental parameters of the MSI, which have been shown to be
constant over several years (Rudolph et al. 2004) and provide ideal conditions for permanent
viral infections on Ca. Altiarchaea. In addition, since the environmental parameters are
constant in the MSI, the viral taxonomic composition should also be constant in this sulfidic
spring. However, the temperature can also induce viral resistance (Kendrick et al. 2014) or
influence the viral lifestyle by switching from lysogenic to lytic as reported for eukaryotic
viruses (McDaniel et al. 2006; Wilson et al. 2001). Nevertheless, the impact of environmental
factors on prokaryotic viruses remains largely unexplored for the deep terrestrial subsurface
compared to, e.g., soil environments (Adriaenssens et al. 2017; Lee et al. 2022) or aquatic

environments (Gong et al. 2018).

1.3. The endless cycle of defense and counter-defense — Future perspectives for
exploring the CRISPR-Cas system in Ca. Altiarchaea

CRISPR-Cas systems represent a prokaryotic adaptive immunity mechanism against
mobile genetic elements (MGESs), such as viruses or plasmids (Barrangou et al. 2007) and are
widely conserved in both bacteria (up to 40%) and almost all archaea (90%) (Makarova et al.
2020) suggests that viruses have effective mechanisms for overcoming this specific barrier.
Nowadays, we have begun to realize that virus-virus competition for finding hosts is almost
as important as host-virus interactions within ecosystems. For instance, CRISPR-mediated
defense systems can also appear to be employed by viruses for interviral conflicts. A recent
study on archaeal viruses of the family Portogloboviridae that were isolated from a Japanese
hot spring showed that Sulfolobus polyhedral virus 1 (SPV1) and 2 (SPV2) carry mini-
CRISPR arrays with spacers targeting each other (Liu et al. 2018; Medvedeva et al. 2019).
Presumably both viruses, the 8.9 kb, and the 20.8 kb (which is also abundant in the MSI),
could also fight for the same host that is Ca. Altiarchaea. These interviral conflicts could
represent a mechanism of heterotypic superinfection exclusion, in which a cell infected by
one virus becomes resistant to another closely related virus (Medvedeva et al. 2019).
However, we did not study the 20.8 kb virus of Ca. Altiarchaea because we focused
specifically on the one most abundant 8.9 kb virus Altivir 1 _MSI. Nevertheless, it would be
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perfect to also study this virus in regard to its viral lifestyle, infection potential, and for
investigating interviral conflicts by having probes for the Altivir 1 MSI and Altivir 2 MSI
at hand. According to our analysis of Altivir 2 MSI, it seems that this virus becomes more
abundant over the last four years (see Manuscript 2: Rahlff et al. 2021, Figure 1). The idea of
showing interviral conflicts on a single-cell level represents a new approach of virusFISH that
no research to date has yet been investigated. In addition, also investigating the prokaryotic
immune system after a successful viral infection by using virusFISH would become a
milestone in the field of archaeal virology and would underline the strength of this unique in
situ technique.

Over the past decade, basic insights into CRISPR-Cas mechanisms have only been
conducted with in silico analysis (e.g., metagenomics) with the ongoing development of new
powerful genetic and bioinformatic tools. Until now, it is still unknown whether CRISPR
systems interact on single-cell level with viruses in natural biofilms. A visual proof of
whether the host's CRISPR-Cas system is active or not during a viral infection would be
possible by using imaging techniques for detecting both — spacer (= sequences retained from
past viral infections by CRISPR-Cas system) via spacerFISH including CARD-FISH steps,
and the cas genes via mRNA-FISH. Therefore, attempts could be made to test if CRISPR
systems are heterogeneously expressed in Ca. Altiarchaea biofilms. First experiments on the
were conducted by designing oligonucleotide probes that target the spacers for detecting the

expression within Ca. Altiarchaea cells (spacerFISH, Figure IV .4).

. S e, .

Figure IV.4: Detection of the expression of spacers within Ca. Altiarchaea biofilms on single-cell level by using
spacerFISH. NONEUB338 probe was used as negative control (A). Putative heterogenous expression of the
CRISPR system of Ca. Altiarchaea by using eleven spacer probes (B). Biofilm material was analyzed with DAPI
(blue, cells, exposure time: 100 ms™), and Alexa 594 (red, NONEUB338 or spacers, exposure time: 500 ms™)
and merged. Hybridization concentration was 0.001 uM, and one volume of tyramide was added in 500 volumes
of amplification buffer. Scale bars: 10 pm.
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Figure IV 4 displayed that not every cell has an active CRISPR system. The next step
would be designing probes for targeting the cas genes and couple these methods with
virusFISH. Thus, combining the information derived from metagenomics and imaging
techniques (e.g., via virusFISH, spacerFISH, and mRNA-FISH) could bolster our
understanding in terms of an active arms race between viruses and their host within

ecosystems with a potentially endless cycle of defense and counter-defense.
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V. Zusammenfassung

Viren sind allgegenwiértig und wichtige mikrobielle Pridatoren, die nicht nur globale
biogeochemische Zyklen beeinflussen, sondern auch die mikrobielle Evolution vorantreiben.
Dariiber hinaus verursachen Viren eine erhebliche Sterblichkeit prokaryotischer
Gemeinschaften, konnen die Wirtsvielfalt und - abundanz modifizieren, aber auch die
genetische Zusammensetzung ihrer Wirte durch horizontalen Gentransfer oder durch
Expression viral kodierter Gene withrend einer Infektion verindern. Uber die Rolle von Viren
in der tiefen Biosphire, die das mit Abstand grofite Reservoir an organischem Kohlenstoff
und einen grofBen Teil aller Mikroben der Erde beherbergt, die hauptséchlich in Biofilmen
leben, ist nur wenig bekannt. Im Vergleich zu verschiedenen Untersuchungen, die sich auf die
bakterielle Diversitit konzentrieren, sind Studien zu Archaeen der tiefen Biosphére sehr
begrenzt. Kulturunabhingige Methoden, wie die Metagenomik haben gezeigt, dass
beispielsweise Archaecen wie Ca. Altiarchaea dieses schwer zugiingliche Okosystem
dominieren konnen. Aufgrund der Limitationen konventioneller Kultivierungstechniken
bleiben die mikrobielle Verteilung und die Interaktionen von Mikroorganismen z.B. mit
Viren, die in solch einem Okosystemen leben, unverstanden. Die Untersuchung von
Virusinfektionen aus der Perspektive eines Archaeums kann unser Verstidndnis hinsichtlich
der rdumlichen und zeitlichen Verteilung von Viren, der Auswirkungen auf die gesamte
mikrobielle Gemeinschaft, der mikrobiellen Vielfalt, des Naihrstoffkreislaufs und des
Kohlenstoffkreislaufs der tiefen Biosphére verbessern.

Das {iibergeordnete Ziel dieser Studie war es, das aktuelle Wissen iiber Ca.
Altiarchaecum und dessen mikrobiellen Interaktionen im tiefen Untergrund zu erweitern.
Genauer gesagt konzentrierte sich diese Studie auf eine bestimmte sulfidische Quelle namens
,Muehlbacher Schwefelquelle Isling (MSI)“ in Regensburg (Deutschland), die nachweislich
fast reine Biofilme enthilt, die bis zu 95% aus Candidatus A. hamiconexum (Ca. A.
hamiconexum), einem Primirproduzent des tiefen Untergrunds, bestehen.

In dieser Arbeit berichte ich {iber einen bestimmten Virus (hier Altivir 1 MSI) der
Ca. Altiarchaeum infiziert und {iber dessen jeweiligen viralen Lebensstil. Diese mikrobielle
,Beziehung* blieb bisher unerforscht. Metagenomik gekoppelt mit Fluoreszenz-in-situ-
Hybridisierung (hier virusFISH) ermdglichte die Untersuchung dieses spezifischen Virus-

Wirt-Systems im tiefen Untergrund. Dariiber hinaus ist diese Dissertation die erste, die sich
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auf Einzelzellebene auf die Virus-Wirt-Interaktionen mittels virusFISH in diesem eher schwer
zuginglichen Okosystem fokussiert. Die Analyse der verschiedenen Infektionsstadien mittels
Fluoreszenzmikroskopie ergab anfingliche Infektionen, fortgeschrittene Infektionen und
Zelllyse von Ca. A. hamiconexum Zellen mit Freisetzung neuer Virionen. Durch diese
Verkniipfung und die daraus resultierenden Infektionsstadien konnte ein erster Hinweis auf
einen lytischen Replikationszyklus von Altivir 1 MSI erhalten werden. Die virusFISH-
Ergebnisse zeigten eine stabile Virus-Wirt-Beziehung tiber vier Jahre.

Dariiber hinaus gehen wir davon aus, dass dieses lytische Virus den heterotrophen
Kohlenstoffkreislauf in diesem Okosystem ankurbeln konnte, indem es als potenzieller Top-
Down- und Bottom-Up-Controller fungiert. Anhand verschiedener virusFISH-Bilder konnte
eine Ansammlung sulfat-reduzierender Bakterien an Stellen nachweisen werden, an denen
eine erfolgreiche Lyse von Ca. A. hamiconexum Zellen aufgetreten ist. Durch eine stindige
Lyse des Primédrproduzenten scheint die ,,mikrobielle Schleife* des tiefen Untergrunds durch
die Freisetzung moglicher Nahrstoffe aktiviert zu werden, die andere Mikroben wie sulfat-
reduzierende Bakterien verwerten konnen.

Insgesamt haben die Ergebnisse und Erkenntnisse dieser Untersuchungen, aus denen
sich diese Thesis zusammensetzt, wesentlich zum heutigen Verstindnis der Interaktionen
zwischen Viren und Archaeen beigetragen und deren Rolle im tiefen Untergrund aufgezeigt.
Gleichzeitig konnte gezeigt werden, wie gut diese mikrobiellen Interaktionen in einem schwer
zuginglichen Okosystem mit dem heutigen, aktuellen Stand der Technik untersucht werden

konnen.
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The supporting CD contains the Supplementary material for the publications listened in this
dissertation. One manuscript (Turzynski et al., 2021) does not contain any supplemental

material because it is a Review.

The folders on the CD are the following:

Table VIL1: Structure of the data on the supporting CD.

Folder name Description of the content

Publication Review Turzynski et al 2021 This folder contains besides the publication also the

Figures in TIFF format

Publication Rahlff Turzynski et al 2021 In this folder, the manuscript, the Supplementary
Information, Supplementary Data, and Figures in
TIFF format of the publication of Rahlff et al. (2021)

can be found

Publication Turzynski et al 2023 Here, all data for the publication of Turzynski et al.
(2023) can be found, including the manuscript,
Supplementary Material, Supplementary Information,

Supplementary Tables, and Figures in TIFF format

In addition, all folders, the dissertation, and the respective imaging data can be found on our

in-house server that belong to our AG Probst group: /BIFROST/NOVAC_Vicky/

Furthermore, all imaging and Nanopore data are uploaded on Figshare (https://figshare.com/)

with the project title “Virus-host dynamics in archaeal groundwater biofilms and the
associated bacterial community composition”. This corresponds to the manuscript of

Turzynski et al. (2023) and also includes all raw data of the manuscript of Rahlff et al. (2021).

Microscopy images can also be found on our microscopy computer:

D:\Users\zeiss\Desktop\Axio\Microscopy Vicky
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