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Abstract 
Nilsson, Emelie (2020). Diversity of aquatic viruses from genes to host interactions, 
Linnaeus University Dissertations No 387/2020, ISBN: 978-91-89081-77-2 
(print) 978-91-89081-78-9 (pdf). 

Viruses are the most numerous entities on Earth, and can be found in all waters. 
In aquatic ecosystems, viruses are key players since they alter the way energy and 
nutrients are transferred by killing larger organisms. However, we still lack 
fundamental knowledge about aquatic viruses’ diversity, prevalence and in what 
ways and to what extant viruses influence their hosts. Therefore, I used 
laboratory and bioinformatic methods to investigate who these viruses are and 
in what ways they interact with their hosts. 

Previously unknown viruses within the deep biosphere as well as in Baltic Sea 
surface water were characterised. Bioinformatic approaches were used to 
describe the entire viral community in three different waters from the deep 
biosphere. These viral communities turned out to be highly novel compared to 
what has previously been seen. Water from the Baltic Sea was used to isolate 
viruses (bacteriophages, phages in short) infecting select bacterial hosts, and 93 
previously unknown phages, encompassing 21 novel species in seven genera, 
were described. All these newly discovered viruses suggest that our knowledge 
of viral diversity is far from complete and that further studies are needed. 

By combining laboratory and bioinformatic methods, I disentangled who 
infected whom and was able to link this to abundance patterns in the wild. 
While the first part is important to recognise the potential of natural phage 
communities, the latter is key to understand what impact phages will have. 
Further, with a laboratory experiment I showed that phage infection could 
change the metabolism of the host, and that the changes were nutrient 
dependent. These studies highlight the importance of considering complex 
interactions to comprehend natural ecosystems. 

Taken together, this thesis increases our knowledge regarding aquatic viruses’ 
diversity, their functions and host interactions, which is of great relevance when 
trying to understand the world around us and how it will change in the future. 
Viruses are diverse and active both in the deep biosphere and surface waters, 
they persist over time and they alter host metabolism. These findings provide 
novel insights into microbial aquatic ecology and highlights the importance of 
viruses. 

Keywords: microbial ecology, bacteriophage, ‘omics, isolation, host range, 
temporal variation, deep biosphere, Baltic Sea
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Svensk sammanfattning 
Virus är de talrikaste entiteterna på jorden och de finns i alla vatten. I dessa akvatiska 
ekosystem har virus en nyckelroll eftersom de påverkar på vilket sätt energi och 
näring förflyttas mellan olika nivåer i födoväven. Genom att infektera och döda 
encelliga organismer förhindrar de att näring förs upp till större organismer, istället 
förblir näringen tillgänglig till andra encelliga organismer. Trots att virus är viktiga, 
så saknar vi fortfarande grundläggande kunskap om akvatiska virus diversitet, deras 
utbredning och hur och till vilken grad virus påverkar sina värdar. Därför använde 
jag laboratorie- och bioinformatiska metoder för att undersöka vilka dessa virus är 
och hur de interagerar med sina värdar.  

För att besvara vilka virus som finns i två̊ olika miljöer, den djupa biosfären och 
Östersjöns ytvatten, undersökte jag både DNA frän hela virussamhällen och 
isolerade virus som infekterar specifika bakterier. Med de bioinformatiska 
analyserna av hela virussamhällen kunde jag beskriva virusen som fanns i tre olika 
vatten i den djupa biosfären. Dessa visade sig vara annorlunda jämfört mot 
virussamhällen som har beskrivits tidigare. Vatten ifrån Östersjön användes för att 
isolera virus som infekterar specifika bakterier (bakteriofager, även kallade fager). 
Därigenom blev 93 tidigare okända fagtyper karaktäriserade och de placerades i 21 
nya arter inom sju nya släkten. Förekomsten av alla dessa tidigare ökända virus visar 
på att vår kunskap om virus diversitet är långt ifrån komplett och att detta behöver 
studeras än mer.  

För att studera hur virus interagerar med sina värdar använde jag en kombination av 
labb och bioinformatiska metoder. Detta gjorde att jag kunde reda ut vem som 
infekterade vem, och möjliggjorde att koppla detta till mönster av förekomst i 
akvatiska miljöer. Den första delen, vem som infekterar vem, är viktigt för att första ̊ 
vilken potential som finns i naturliga fagsamhällen, medan den andra delen är 
väsentlig för att begripa vilken betydelse fager har på̊ naturliga mikrobiella 
samhällen. Med labbexperiment kunde jag även visa att faginfektioner kan förändra 
bakterievärdens metabolism, och att dessa förändringar kan påverkas av mängden 
näring som bakterien växte i. De här studierna belyser vikten av att ha komplexa 
interaktioner i åtanke för att förstå naturliga ekosystem.  

Sammanfattningsvis, den här avhandlingen ökar vår kunskap kring akvatiska virus 
diversitet, deras funktioner och hur de interagerar med sina värdar. Detta är viktigt 
när vi försöker förstå̊ världen runtomkring oss och hur den kommer att förändras i 
framtiden. Virus finns i många olika varianter och de är aktiva i både den djupa 
biosfären och i ytvatten, de förekommer över tid och förändrar sina värdars 
metabolism. De här fynden bidrar med insikter om mikrobiell akvatisk ekologi och 
visar på hur viktiga virus är. 
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Introduction 

Earth. A planet that is covered by 70% water. These vast expanses of water are 
teeming with life: organisms of all shapes and sizes, some that partake in 
processes that enable existence on Earth. One of these processes is 
photosynthesis – the sun energy driven conversion of carbon dioxide to 
carbohydrates and water. A procedure that not only provides oxygen to all 
species that breathe it, but also acts as a carbon sink as it removes carbon dioxide 
from the atmosphere and locks it into organic biomass (Azam 1998). The key 
in aquatic photosynthesis are tiny organisms that are called phytoplankton. 
Phytoplankton are eaten by zooplankton, tiny animals that prey on single-celled 
organisms, that in turn are consumed by small fishes (Pomeroy 1974, Breitbart 
et al 2008). The nutrients and energy are transferred further to larger predators 
such as whales, birds or humans. But there is another path in this food web that 
also is vital to aquatic ecosystems but that is often overlooked. The main players 
in this path are heterotrophic bacteria, another kind of tiny single-celled 
organisms within the domain of prokaryotic microorganisms (Azam et al 1983). 
Instead of using sunlight to obtain carbon dioxide most of them acquire both 
energy and nutrients from the food they consume. This food consists mainly of 
dissolved organic matter, but for some bacteria it can also consist of particulate 
organic matter (Riemann et al 2000, Nagata 2008). Through this process they 
convert the smallest food particles in aquatic environments to larger compounds 
that in turn can be eaten by zooplankton and then transferred further up in the 
food web. The dissolved organic matter has many origins, one being decay of 
different organisms in the food web (Stocker 2012), another being leaking from 
phytoplankton (Thornton 2014). That path, originating in dissolved organic 
matter and ending in nutrient transfer to larger organisms, is called the microbial 
loop (Azam et al 1983). This is also where the most abundant organic entities 
on Earth come into play. Viruses. The viruses that infect single-cell organisms 
outnumber their hosts and on a daily basis they kill approximately 20% of the 
bacterial biomass in aquatic environments (Suttle 2007). When viruses kill 
bacteria, more dissolved organic matter becomes available to the bacterial 
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community while zooplankton, that eat bacteria as well as phytoplankton, are 
deprived of their food source. This process is called the viral shunt and it is an 
essential part of the aquatic food web (Suttle 1994, Fuhrman 1999). The viral 
shunt alters the nutrient flow in the food web, and aquatic viruses are therefore 
highly important for aquatic ecosystems. 

In this thesis, the aim was to increase our understanding of who these viruses 
are and how they interact with their hosts. 

Viruses 
Viruses are tiny particles consisting of genetic material that is encapsulated by 
a protein coat (Guttman et al 2005). They lack the capacity to produce progeny 
on their own, and are therefore obligate parasites that require hosts to 
proliferate. While there are viruses that infect Eukaryotes, the focus here is on 
viruses that infect organisms within Bacteria, but also to some degree within 
Archaea. They are spread across Earth and exist in all investigated environments 
– in ice (Sencilo et al 2015) as well as hot springs (Breitbart et al 2004), in water 
(Bergh et al 1989) as well as deserts (Prestel et al 2013), and they come in a 
wide range of shapes and sizes. There are viruses with tails or that are linear or 
shaped like bottles (Fig 1; Ackermann 2007), there are giant viruses that rival 
the sizes of cellular organisms (La Scola et al 2003, Yamada 2011), there are 
small viruses that have lipid membranes (Laanto et al 2017), there are even 
viruses that infect other viruses while they are infecting their cellular hosts (La 
Scola et al 2008). However, in order not to get lost in this jungle of variation, 
this thesis includes work on viruses in the deep biosphere (Paper I) and then 
focuses on viruses that infect bacteria isolated from the Baltic Sea (Paper II-
IV). 

Phages and genetic material 
Viruses that infect bacteria are called phages, short for bacteriophages, and they 
are crucial for ecosystems across Earth. They were first discovered during the 
early 20th century, by Twort (1915) and d’Herelle (1917), as previously 
unknown entities killing bacterial cells in the lab. In 1989, it was discovered 
that viruses were more common in aquatic environments than previously known 
(Bergh et al 1989), and there are estimates of 1031 viruses on Earth (Angly et al 
2005), which is a number that exceeds the estimated amount of stars in the 
observable universe (1024). These numerous, tiny organic entities consist of 
encapsulated genetic material and their diversity might explain their great 
abundance. For a start, their genetic material comes in different varieties, 
namely as double stranded (ds) or single stranded (ss) DNA or RNA (Guttman 
et al 2005). dsDNA is the standard nucleic acid of the tree of life, in other words: 
the genetic material in bacteria, archaea and eukaryotes is encoded by dsDNA, 
and it is also the type that is easiest to study. Extracting and sequencing DNA 
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has become relatively cheap since the advance of what was once known as next-
generation sequencing (from hereon, high throughput sequencing). These 
methods usually only target dsDNA, both during the extraction process and the 
sequencing procedure (Szekely and Breitbart 2016, Callanan et al 2018). This 
is partly the reason why most of the phages that have been studied until today 
are dsDNA phages. Another reason is that phages that are of economic interest 
to us humans tend to become most well-studied (Rodrigues et al 2017), and 
many of these are dsDNA phages, such as the phages infecting Escherichia coli 
and Lactobacillus, bacteria that cause human diseases and are vital in food 
industry, respectively. 

Morphology and its relation to genetics 
Viruses in aquatic environments vary in their shapes and sizes (Fig 1). Archaeal 
viruses exhibit a wide range of shapes, with morphologies that are unique to 
these viruses such as spindle- or bottle-shaped virions (Prangishvili et al 2006). 
There are also archaeal viruses with the classical head-tail structure that is 
common among phages. These viruses share some characteristics. They have 
their genetic material packed into a capsid, a structure made out of proteins, and 
the tail, in case of tailed viruses, is attached to the capsid to enable attachment 
and transfer of genetic material to the host cell (Guttman et al 2005). These 
tailed morphologies are organised into three different categories: myoviruses, 
siphoviruses and podoviruses (Ackermann 2007). Myoviruses have stiff, long 
tails that can be contracted, siphoviruses have long and flexible tails that cannot 
be contracted, and podoviruses have short and stiff tails. 
 

 
Figure 1. A. Schematic overview of viruses with different morphologies. The three kinds of 
tailed viruses that belong to Caudovirales – myovirus (straight, contractile tail), siphovirus 
(long, flexible tail) and podovirus (short tail), all with double stranded DNA in their capsids 
(depicted in the myovirus). Viruses within Inoviridae, as the Caudovirales, infect bacteria, 
and contain single stranded DNA. Ampullaviridae, shaped like bottles, is an example of a 
double stranded DNA viruses that infect archaea. The sizes are not to scale. B. Transmission 
electron micrograph of a myovirus, scale bar is 100 nm. 
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It is more and more recognised that these morphological characteristics are a 
poor foundation for taxonomical assignment of different phages (Barylski et al 
2020), and should therefore only be used to describe the phages morphology 
while genetics should describe the taxonomy. There is evidence indicating that 
non-tailed phages seem to dominate marine environments (Brum et al 2013). 
Still, tailed dsDNA phages are most common in databases containing phage 
genomes. 

Viral life-cycles 
Besides variation in genetic material and morphology, phages also have 
different life-strategies – lytic, lysogenic and variations thereof. In the lytic life-
cycle, a phage attaches to its host, transfers its genetic material and then hijacks 
the host’s reproductive system and replicates itself until the progeny burst out 
of the host cell in search of new hosts (Fig 2; Levin and Lenski 1983). There 
are variations of this, where the phages do not burst the host cell, but instead are 
continuously released which leads to a chronic infection (Fuhrman and Suttle 
1993). The lysogenic life-cycle is also commonly found in aquatic systems 
(Paul 2008). Here, the phage can incorporate its genetic material into that of its 
host and thereby be replicated within the bacterial host genome as a prophage 
(Lwoff 1953). The prophages can then remain dormant in the host until it 
switches to the lytic life-cycle. The lysogenic-cycle is often initiated when there 
are limited numbers of hosts in the environment (Casjens and Hendrix 2015, 
Erez et al 2017), which would make it hard for the progeny to find new hosts 
following a burst. 
 
 

 
Figure 2. Lytic replication with a myovirus phage, which has encountered a bacterial cell 
(purple). The bacterial double stranded DNA (blue) is transcribed by the RNA polymerase to 
produce messenger RNA (mRNA), that in turn will become proteins constituting the 
metabolism of the host. After the phage has transferred its genetic material (here depicted as 
DNA; orange) into the host (A), it will use the bacterial machinery in order to replicate its 
own genome (B) and to produce new virions in which it will pack its DNA (C). When the new 
virions are ready, they will burst the cell and the new viruses will be released. 
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Phages that are purely lytic are known as virulent phages, while temperate 
phages indicate phages that can undergo both lytic and lysogenic cycles. 
Temperate systems have been studied in the lab with isolated phages and hosts, 
such as phage lambda infecting E. coli (Casjens and Hendrix 2015). These 
systems have also been studied in natural ecosystems, both by looking at 
prevalence of lysogenic phages (Jiang and Paul 1994, Jiang and Paul 1996) and 
by utilising metagenomic data to study temporal variations (Brum et al 2016a). 
Virulent systems have also been studied both in the lab and in environmental 
datasets, such as T4 phage infecting E. coli (Kutter et al 2018) and the Tara 
Ocean viromes (Brum et al 2015), which are viral metagenomes sampled from 
across the globe. However, the relative importance of these two main strategies, 
virulent and temperate, is not fully understood (Howard-Varona et al 2017a, 
Breitbart et al 2018). The interplay between virulent and temperate phages, both 
with regards to the lytic-lysogenic switch within a phage community and 
competition between temperate and virulent phages, is an intriguing aspect of 
aquatic phages and their influence on ecological processes, and further studies 
are needed to elucidate the mechanisms behind these factors. 

Benefits to hosts and changes to their genomes 
Besides killing large proportions of the aquatic bacteria on a daily basis, phages 
also influence their hosts in other ways. Some of these benefits are associated 
with temperate phages, such as temperate phages providing their hosts with 
immunity against similar phages (Levin and Lenski 1983). This is also 
beneficial for the phage, since another phage would compete for the same 
resources within the host. Another advantage is that the phages might provide 
new genetic material. For example, lysogenised bacteria have been shown to 
gain different benefits from their phage parasites, such as virulence in Vibrio 
cholerae (Waldor and Mekalanos 1996) and antibiotic resistance in E. coli 
(Smith 1972). Prophages can lose their ability to become virulent and instead 
become cryptic (Wang et al 2010), thereby, any phage encoded genes can 
become permanent parts of the bacteria, providing yet more genetic material. 

Phages also mediate gene transfer in bacterial genomes without being 
incorporated as lysogenic phages. When either a temperate or virulent phage is 
encapsulating its genetic material into particles, it might encapsulate bacterial 
DNA instead. That viral particle might attach to a new bacterial cell and be fed 
into the cell and there the be incorporated into the bacterial DNA, known as 
transduction (Zinder and Lederberg 1952) which is important in horizontal gene 
transfer that occurs at high frequencies (Jiang and Paul 1998, Kenzaka et al 
2007). Through this and the processes mentioned above, it becomes apparent 
that phages do not just kill large parts of the microbial community, but also 
influence it in other ways. 
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The ecological role of viruses 
Viruses play an important role in aquatic environments through the viral shunt 
(Fuhrman and Suttle 1993, Suttle 1994) where they lyse their microbial hosts 
and thus release nutrients from the cells back to the environment. Modelling of 
virus-host interactions has indicated that ecosystems with viruses, compared to 
without viruses, have increased nutrient cycling and primary production, as well 
as decreased amount of nutrients that are transferred up the food web (Weitz et 
al 2015). The lysis might also increase the amount of aggregation and increase 
the sinking of microbial particles (Weinbauer 2004), something that has 
recently been highlighted and dubbed viral shuttle (Sullivan et al 2017). That is, 
the activity of either the viral shunt or shuttle can directly affect the amount of 
nutrients that reach us top predators, or how much carbon that is removed from 
the atmosphere.  

In addition, viruses may have an important role in the light of, for example, 
climate change. Climate change is predicted to have both direct and indirect 
effects on viruses, by altering physiological aspects such as salinity and 
temperature, and by changes to host communities (Danovaro et al 2011). More 
specifically, a study of viruses during conditions that are similar to those 
predicted to result from climate change, discovered changes in the switch 
between lytic and lysogenic lifestyles (Williamson and Paul 2006). Also, a 
study that investigated the effect of acidification, which is predicted to be a 
consequence of climate change, found that phage productivity, as well as host 
growth, decreased, indicating a potential reduced bacterial turnover due to less 
viral predation (Traving et al 2014). There is a need to further our understanding 
of how viruses will behave in a changed world, and for that to be feasible we 
need to know how viruses and hosts interact under current conditions. 

Metagenomes and viral dark matter 
While further experimental investigations are essential, we also need to explore 
viral prevalence and activity in aquatic environments. Viral metagenomic 
studies have increased our understanding of which viruses exist where in marine 
habitats (Hurwitz and Sullivan 2013, Brum et al 2015, Labonté et al 2015), 
brackish waters (Allen et al 2017) and freshwater systems (Roux et al 2012, 
Skvortsov et al 2016). They have uncovered seasonal patterns (Brum et al 
2016a) and increased our knowledge regarding viral potential (Roux et al 2016). 
There is also a study that utilised metatranscriptomics to monitor viral 
transcripts and found that there were large variations in activity, often coupled 
to host abundances but also to virus type (Alonso-Sáez et al 2018). However, 
there are still habitats that are underexplored, such as the deep biosphere that is 
located between a few meters to at least five kilometres below the surface. 

A bottleneck for sequence based viral analyses is that most viral sequences 
are unknown and, therefore, have been termed viral dark matter (Reyes et al 
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2012, Krishnamurthy and Wang 2017). Different approaches to mine the data 
received from samples such as metagenomes have been developed to improve 
our understanding of viral communities (Roux et al 2015a, Edwards et al 2016, 
Hurwitz et al 2016, Rampelli et al 2016). These different approaches have found 
viral-host relationships in metagenomic data (Roux et al 2015b) and provided 
further information about viral proteins (Brum et al 2016b). There have also 
been increases of viral assigned genomes in our current databases through 
metagenomic approaches (Paez-Espino et al 2016, Roux et al 2016). However, 
previously unknown viruses are constantly identified and they often lack 
similarities to what has been sequenced before, indicating that we still do not 
know enough to fully understand the data we generate. 

The virocell concept 
Viruses’ importance in ecological contexts is clear, especially considering that 
they constantly kill bacteria. That they might influence metabolic potential and 
pathways is less obvious, since they are obligate parasites and usually not 
classified as living organisms. However, when a virus is infecting its cellular 
host it is metabolically active and fulfils all requirements for being alive, which 
is why the virocell concept claims that an infecting virus is a living virus 
(Forterre 2011). The virocell concept changes our understanding of microbial 
metabolic networks. Viruses infecting microbes will change the metabolism to 
their own needs and might also introduce new genes (Rosenwasser et al 2016). 
This alters the metabolism of the host, and potentially the role of the host in the 
ecosystem. Viruses use the host metabolic machinery to replicate their own 
genomes, and some have the ability to either maintain or redirect processes run 
by the bacteria (Rosenwasser et al 2016, Breitbart et al 2018, Howard-Varona 
et al 2020). It is assumed that part of the oxygen we breath originates from phage 
infection (Mann 2005), since viruses that infect photosynthetic hosts continue 
photosynthesising with their own genes during infection (Mann et al 2003, 
Clokie et al 2006, Thompson et al 2011). Phages seem to use the bacterial host 
genes to acquire nutrients and energy to produce more phage progeny, for 
example by enhancing nucleotide metabolism or energy production while 
reducing carbon fixation (Thompson et al 2011). This has been highlighted in 
studies of transcriptomes from infected bacteria (Doron et al 2016, Blasdel et al 
2017, Sacher et al 2018, Zimmerman et al 2020). A following study has 
expanded on the virocell concept and suggested that organising phage-host pairs 
into functional guilds should be implemented to describe viral influence in 
natural ecosystems (Howard-Varona et al 2020). These advances add to the 
complexity of viruses in the environment and enable more accurate models to 
be described, and are thereby another key in understanding the world we live 
in.  
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Aims 

The field of virology is advancing, but we still need to increase our basic 
understanding of viruses. Therefore, the aims of this thesis were two-part – 
investigate which viruses exist in natural systems and how viruses and hosts 
interact. My specific aims were to: 
• Investigate viral communities in different deep biosphere boreholes to 

characterise their diversity, possible host affiliations and activity (paper I) 
• Isolate and characterise previously unknown phage-host systems to 

describe diversity and host interactions (paper II & III)  
• Elucidate temporal variations of the newly isolated phage-hosts systems in 

the Baltic Sea (paper II & III) 
• Enrich our understanding of phage-host interactions by investigating the 

dual stressors of phage infection and nutrient limitations (paper IV)  
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Methods, in brief 

This thesis is based on field sampling, laboratory work and computational 
analyses. The first two parts encompasses sampling, genome isolation and 
extraction of genetic material and the second the process of analysing the 
sequenced genetic material. For full details, see the material and methods 
sections of the papers. 

Sampling 
The deep biosphere samples were collected at the Äspö Hard Rock Laboratory 
(Äspö) which is run by the Swedish Nuclear Fuel and Waste Management 
Company (SKB). Äspö is located on the southeast coast of Sweden 
(57°26.000’N, 16°39.000’E) where there is a 3.6 km long tunnel down into the 
bedrock connected to fissures that contain groundwater (Fig 3A-B). All Baltic 
Sea samples were collected at Linnaeus Microbial Observatory (LMO; 
56°55.8540’N, 17°3.6420’E; Fig 3A), 10 km east off the coast of Öland, 
Sweden. Water was first passed through 0.22 µm filters to remove larger 
organisms such as bacteria, and then either concentrated to be used for isolation 
or mixed with iron chloride to flocculate the viral particles that then could be 
collected on filters (Fig 3C). Flocculated viral particles were processed and all 
the dsDNA in the samples was extracted to produce metagenomes – all genetic 
material from each sample. Concentrated water was mixed with bacteria, and 
phages that produced successful infections during a plaque assay were further 
purified. A plaque assay is performed by mixing bacteria and phages, and then 
spreading them onto an agar plate. When the bacteria grow on this plate, 
successful phage infection will be visible as holes (or plaques) where the 
bacteria will have died and there will be an enrichment of phages. Phages that 
managed to replicate on these plates were isolated and characterised, their 
dsDNA genomes were also extracted. One of the bacterial strains that were used 
was isolated previously, while three new strains were isolated from the same 
water as the phages. All bacteria had their DNA extracted.  
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Figure 3. An overview of the sampling locations and procedures. A. Map of part of Europe 
with Sweden coloured in orange and the area within the box contain the sampling locations 
(marked with x) used for the studies within this thesis. B. Schematic close-up of the sampling 
areas and the environment from where they originate. All samples in this thesis are collected 
at either Äspö on the mainland or LMO east of Öland – sampling points are marked in red. 
C. Water was collected in big containers (I) and was first filtered to remove larger organisms, 
such as bacteria. Then, the water was either prepared for metagenome analyses or isolation. 
For metagenomes, viruses were flocculated with iron chloride and filtered through a filter 
holder (IIa) to capture all viral particles for further DNA extraction. Water for isolation was 
concentrated and subsequently used to isolate phages through the plaque assay method (IIb), 
where bacteria and viruses are mixed and spread onto a nutrient plate. Successful viral 
infection will create what looks like holes on the plate, but that is actually a lack of bacterial 
cells and contains a large number of phages. 

Water samples were also collected from Äspö to perform 
metatranscriptomics, from which RNA was extracted instead of DNA. Also, 
one of the isolated phage-host systems was used to perform a transcriptomic 
experiment. This was conducted to see what genes were expressed during the 
phage infection compared to noninfected bacteria. Therefore, samples were 
withdrawn from phage infected bacteria and, simultaneously, from noninfected 
bacteria to extract RNA. Genomes, metagenomes, metatranscriptomes and 
transcriptomes were all sequenced with Illumina instruments that provides short 
reads with high quality information about the genetic sequences. 

Computational procedures 
There are different aims with studies of genomic and transcriptomic data. 
Genomic studies describe the characteristics of the entity under scrutiny, for 
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example if a virus is related to previously sequenced viruses and what kind of 
genes it is coding for. Transcriptomic studies, on the other hand, focus on 
mRNA, that is, which of the encoded genes are actively being processed – what 
it is doing. As a result, the computational process, or bioinformatic analysis, 
will differ between studies. 

In this thesis, genomic data was assembled into contigs (longer fragments, 
potentially complete genomes) or complete genomes for metagenomics and 
genomics, respectively (Fig 4). In both cases, genes were predicted as open 
reading frames (ORFs) and functionally annotated by querying sequence 
databases. ORFs were assigned when a start codon was followed by at least 60 
bases and then ended with a stop codon. A functional annotation was attributed 
when the ORF had enough sequence similarity to previously described genes to 
ascribe it the same function. Also, the databases can provide taxonomical 
information, such as what other entities were the queried sequences similar to. 
In the case of viruses, the databases contain far less diversity than nature and 
they are biased towards certain types of viruses, therefore it is common to find 
only few matches, and often to different organisms.  

 
 

 
Figure 4. Metagenomes contain DNA from all particles in the water at the time of extraction 
(depicted as circular genomes in orange, blue and black). Short sequencing reads from these 
genomes need to be assembled into larger fragments that are called contigs in order to study 
them further. Besides assembly, metagenomic reads and transcriptomic reads (originating 
from mRNA) can be mapped to either contigs or complete genomes from isolated viruses to 
either indicate presence of viruses in different samples or activity of viruses. 



13 

Metagenomic reads were also mapped (Fig 4), or aligned, against references 
(genomes or contigs) and enough coverage (more than 90% identical matches 
across more than 75% of the genome/contig) was used to determine that the 
genome was present in the investigated sample.  

Transcriptomic data were similarly mapped to either the contigs from the 
metagenomes in the case of the Äspö study, or to the genomes from the phage 
and bacterium in the transcriptomic experiment (Fig 4). This revealed which 
viruses or microbes that were active and which genes were transcribed. 
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Results and Discussion 

Viruses in the deep biosphere 
The abundance and importance of viruses in aquatic environments is 
uncontested nowadays, and research spans from understanding specific model 
systems (Patterson-West et al 2018) to modelling viruses’ influence in natural 
ecosystems (Thingstad and Våge 2019). While the information in publicly 
available databases is increasing through genomic and metagenomic studies 
(Brum et al 2015, Bischoff et al 2019) and viruses’ role in the evolution of 
cellular life is investigated (Holmes 2011, Koonin and Dolja 2013) it is 
intriguing to consider the prevalence and activity of viruses in unlikely places, 
such as the deep biosphere. Since the deep biosphere is located between a few 
meters to at least 5 kilometres below the surface it is generally hard to study. In 
paper I this was accomplished by withdrawing groundwater from within the 
Äspö tunnel at three different depths (Fig 3B): shallow (171.3 meters below sea 
level (mbsl)), intermediate (415.2 mbsl) and deep (448.4 mbsl). These waters 
differ with regards to chemical composition, origins and connectivity to the 
Baltic Sea. The shallow and intermediate water have both been infiltrated by 
Baltic Sea water during the last 20 years, while the deep water consists of 
thousand-year-old groundwater diluted with water from other origins. We 
collected both metagenomic and metatranscriptomic samples in order to 
describe and characterise the viral communities. Previous metagenomic surveys 
of surface waters (Hurwitz and Sullivan 2013, Brum et al 2015) have uncovered 
viral populations that are shared across great distances. Similarly, we found that 
parts of the viral communities across the three water types were shared, but that 
the intermediate and deep waters were largely different from the shallow water 
and very similar to each other (Fig 5A). This is surprising since the shallow and 
intermediate water are influenced by the Baltic Sea and could be assumed to be 
more similar to each other than to the deep water.  
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Figure 5. A. The viral communities within the three Äspö waters shared some contigs across 
all waters. The waters are referred to as in the main text and the numbers in the parenthesis 
indicate the number of contigs shared between the associated waters. While the shallow 
(green) and deep (blue) water had some unique contigs, the viral community in the 
intermediate (orange) water was very similar to the deep water. B. Viral contigs within the 
shallow water were active, this can be seen as up to 87% of the contigs (x-axis) were covered 
by reads with a depth of around 10 (y-axis), normalised by the length of the region that was 
covered. The intermediate and deep water had less transcriptional activity, and only for a 
portion of the viral contigs. 

However, the intermediate and deep waters are located at similar depths in the 
bedrock, which might indicate shared chemical or other environmental 
composition and therefore explain the similarities regarding viral communities. 

To assess which viruses these contigs were similar to, their ORFs were 
compared to databases with both cellular organisms and viruses. As previously 
mentioned, the databases as of today (July 2020) do not reflect the vast diversity 
of viruses that exist, and a high degree of viral genes are annotated as bacterial 
genes. In the case of the deep biosphere, the focus has been on the bacterial 
communities (Fry et al 2008, Hoehler and Jørgensen 2013), which has resulted 
in databases that are ample in bacterial sequence information. Therefore, there 
were few viruses that these contigs were similar to in the databases, and they 
were instead most similar to prophages that have been annotated as bacteria or 
even to host genes. The predicted ORFs from the Äspö contigs were quite 
similar to sequences present in databases, more specifically 40-44% of all ORFs 
had matches, which is a similar percentage as viral isolates receive (Holmfeldt 
et al 2013, Bischoff et al 2019). While the majority of these genes were mostly 
similar to genes in cellular organisms, as explained above, and lacked any 
functional annotation, they can be used to infer similarities to previously 
described viruses. However, the analysis indicated that the viral communities at 
Äspö were not similar to any isolated viruses and that the database matches did 
not provide any coherent taxonomic information. In addition, the Äspö ORFs 
were matched against ORFs from other viral metagenomic studies, and at most 
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30% of the ORFs had matches. This indicates that the viral communities at Äspö 
are highly novel. 

By connecting the viral contigs to microbial data we were able to predict 
hosts for parts of the viral communities. Out of 4,050 viral contigs we could 
predict a host for 46%, with 23% of the contigs having a predicted host at either 
phylum or class level. The most commonly predicted host was Firmicutes, 
which was host to 574 contigs. However, network analysis of the viral contigs 
did not connect them to known Firmicutes isolates, which is another indication 
that the viral contigs at Äspö are different from what has previously been seen. 
This was further supported by the novel discovery of viral contigs that were 
predicted to infect hosts within the candidate superphylum Patescibacteria 
(Parks et al 2018), which provides the first evidence of viruses infecting these 
uncultured bacteria. The results also revealed that some of these viruses, at least 
in the shallow water, recruited transcriptomic reads, indicating potential 
metabolic activity. 

Studies have shown that bacterial communities in the deep biosphere, as well 
as at Äspö, are metabolically active (Orsi et al 2013, Lopez-Fernandez et al 
2018). Even viral communities in these habitats have been seen to be active to 
some degree (Engelhardt et al 2015). When we mapped our transcriptomic data 
to the viral contigs in the different waters, we found that there was indeed viral 
activity, but mostly in the shallow water (Fig 5B). In the shallow water many of 
the viral contigs were covered by viral reads to large degrees (up to 87% of a 
contig) and also with sequencing depths of around 10 per covered region, which 
is a proximation of activity. Because this water also contained the most active 
bacterial community, it is likely that the viral community was actively infecting 
their hosts. This suggests that the viral community influenced the 
biogeochemical cycling by increasing the microbial turnover when lysing the 
hosts and thereby releasing organic matter that can be cycled back into the 
microbial community. Altogether, the viral contigs at Äspö constituted highly 
novel viruses, and provided knowledge about viruses infecting hosts that 
previously lacked sequenced viral predators. In addition, our finding of active 
viruses points towards viruses occupying an important role in the deep 
biosphere. 

Genomic diversity of isolated phages 
While there have been technological advances that enable us to study genetic 
diversity in a high throughput manner, such as for paper I, there is still a great 
need to understand what constitutes this diversity. In order to make sense of 
sequencing data we need reliable databases that reflect nature. Also, without 
model phage-host systems we are unable to test and evaluate hypotheses 
regarding viruses’ importance in natural systems. Therefore, it is crucial to 
conduct time consuming isolation of phages found in natural habitats to be able 
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to characterise their genomes as well as describing their interactions with their 
hosts. We therefore aimed at isolating phages infecting different bacteria of 
ecological relevance. 

Water that was used for isolation was collected at LMO (Fig 3B), which is a 
field sampling station that has been used for microbial studies during the past 
nine years. Studies from LMO have ranged from describing seasonal 
physiochemical parameters to abundances and diversity of bacteria, 
phytoplankton and zooplankton (Legrand et al 2015, Bertos-Fortis et al 2016, 
Bunse et al 2019, Fridolfsson et al 2019). Among the bacteria occurring at LMO 
are Bacteriodetes, which are abundant in aquatic environments (Kirchman 
2002, Allen et al 2012, McBride 2014), and are important in biopolymer 
degradation (Fernandez-Gomez et al 2013) as well as phytoplankton bloom 
recycling (Pinhassi et al 2004). Further, experimental studies based on LMO 
communities have uncovered bacterial metabolic changes in response to 
transplantation between different waters (Lindh et al 2015). Here, we used three 
different flavobacterial host strains, within the phylum Bacteriodetes, (paper 
II) and a gammaproteobacterial host strain (paper III) to isolate phages from 
LMO at two time points, August and September 2015.  

Altogether, we isolated 93 previously unknown phages that constituted 21 
species that belonged to seven genera. The representatives of these species are 
similar to other species within the same genera, but different between the genera 
(Fig 6). Also, the species within what was formerly suggested as Muminvirus 
(in paper II) are now suggested to be split into three genera, since the species 
shared less than 70% average nucleotide diversity with each other. Only two of 
these phages, tant8-1 and laban6-1, had some nucleotide similarities to what 
exist in databases, even though there are previous isolated phages on both 
flavobacterial and gammaproteobacterial hosts (Borriss et al 2007, Holmfeldt et 
al 2007, Laanto et al 2011, Luhtanen et al 2014, Castillo and Middelboe 2016). 
In paper I we also found viral contigs related to sequenced phages isolated on 
either flavobacterial and gammaproteobacterial hosts, and contigs were 
assigned hosts within Gammaproteobacteria. However, the novelty of these 
isolated phages indicates yet again that our databases do not include all viral 
diversity. 
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Figure 6. Sequence similarity, based on nucleotide comparisons with Gegenees (Ågren et al 
2012) between the phages in papers II & III. Only one phage per species is included and the 
names of the species are colour coded to differentiate between genus. The grey and two 
orange-shaded species were formerly (in paper II) organised into one genus, but since they 
were less than 70% similar to each other they have now been suggested to belong to three 
genera. 

Flavobacterial-phages with variable host ranges 
For the phage-host system with the flavobacterial hosts (paper II), we first 
isolated and sequenced the genomes of the three different bacteria: 
Flavobacteria spp. LMO6, LMO8 and LMO9. LMO6 and LMO9 were similar 
enough to be regarded as different strains of the same species, while LMO8 was 
placed in the same genus but not in the same species. From these, we isolated a 
total of 38 virulent phages and one temperate phage. Most phages were isolated 
on LMO6 and LMO9, and the temperate phage was spontaneously induced from 
LMO6, where it was incorporated as a prophage. The virulent phages within the 
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genera infecting LMO6 and LMO9 share similarities with each other (Fig 6), 
indicating a common ancestry. The temperate phage was not similar to any of 
these, but had some similarity to temperate phages isolated on Flavobacterium 
psychrophilum. However, this similarity was only limited and therefore this 
phage was placed in its own genus, Labanvirus. The remaining three virulent 
phage species were isolated on LMO8 and placed in two genera, Pippivirus and 
Tantvirus, which did not share any sequence similarity (Fig 6). 

The LMO6 and LMO9 phages showed a limited host range, that is, how many 
different host strains a phage can infect, since they only could infect LMO6 and 
LMO9, and not LMO8 (Fig 7). However, the LMO8 phages were able to infect 
both LMO6 and LMO9 but with reduced efficiency of plating, seen as number 
of plaque forming units (PFU) per ml. A reduced efficiency of plating was also 
seen for some of the phages originally isolated on LMO9 (for example 
snusmum9-1 compared to snusmum6-1), which had a three to four orders of 
magnitude lower efficiency of plating on LMO6. This reduced ability can be 
linked to host defences such as restriction modification systems that enable the 
host to cut phage DNA that is not properly methylated into smaller, inactive 
pieces (Labrie et al 2010).  

 

 
Figure 7. Select virulent phages isolated on LMO6, LMO8 and LMO9, and their efficiency 
of plating on the different hosts (the numbers after the host strain name on the x-axis 
designate the replicate). ND = not determined, NI = no infection. The naming convention for 
the phages are as follows: first species designation, then a number to indicate if they were 
originally isolated on LMO6, LMO8 or LMO9 and then an arbitrary number to indicate 
which isolate it was. The colour coding indicates shared ancestry, orange encompass 
Muminvirus and yellow Lillamyvirus infecting LMO6 and LMO9, green indicate the lone 
isolate within Tantvirus and pink indicate the isolates that belong to Pippivirus. 
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In the case of the LMO9 phages, their efficiency of plating on LMO6 was 
increased if the phage had undergone one round of replication on LMO6 
indicating that they used the host’s methylation during infection. Similar 
patterns in efficiency of plating has been seen for example for Lightbulbvirus 
(Holmfeldt et al 2016). In our study, we found that the LMO9 phages that had 
reduced efficiency of plating on LMO6 all lacked a specific DNA 
methyltransferase that the other phages had. This gene could be what causes the 
difference in infection, but it might only be important in this particular scenario. 
Phages can acquire a satisfactory methylation from their hosts and thereby their 
own methylation genes would be of less importance. 

Gammaproteobacterial-phages with seasonal patterns 
The gammaproteobacterial host, BAL341, was chosen, as stated above, partly 
because it was relevant in a transplant study (Lindh et al 2015), but also because 
it was able to degrade organic pollutants (Lindh et al 2015, Karlsson et al 2019). 
The phages isolated on the ecologically relevant BAL341 were virulent and 
belonged to one genus, even though they were isolated at two occasions. This 
points towards a limited diversity within the BAL341 phages compared to the 
flavobacterial phages. Another difference between these systems was that the 
flavobacterial phages only had ORFs that were annotated as either phage DNA 
replication and repair genes or genes involved in the morphogenesis of the 
phage (paper II). Besides genes coding for similar functions, the BAL341 
phages also had ORFs annotated to several metabolic functions, such as 
ribonucleotide reductase (RNR) that can produce nucleotides and phoH that is 
hypothesised to be involved in phosphate starvation. Such metabolic genes have 
been discovered in many phage genomes (Sullivan et al 2005, Sencilo et al 
2015, Duhaime et al 2017), but their functions in phages are often 
undetermined, such as for phoH (Kazakov et al 2003, Goldsmith et al 2011). 
However, having a gene does not mean that it has to be transcribed, which is 
why it is important to study activity and metabolic processes of phages, and not 
just their genomes. 

Another striking feature of the BAL341-phages was that they had a temporal 
pattern with recurring peaks in abundance in late summer during the three years 
we monitored (Fig 8). These peaks were associated with the host’s abundance 
and occurred either at the same time or shortly before increases in the bacterial 
abundance. The barbaphages were isolated from water collected in 2015 and the 
genome sequence of the phage representing Barbavirus, barba19A, was 
detected all the way back to 2012. This indicates that the phage genome has 
stayed more or less the same during these four years (2012–2015). Further, all 
54 isolates belonged to the same genus, which suggest that the diversity within 
these phages was low, both compared to the phages in paper II as well as to 
previously isolated phages (Pope et al 2011, Holmfeldt et al 2013, Zhao et al 
2013). Taken together, this indicates that the phages in Barbavirus are the main 
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viral predators of BAL341 and that they have become specialised on their host, 
thereby creating the consistency of genomes across years as well as the 
recurring temporal patterns. 

Overall, these isolation-based genomic studies of phages in the Baltic Sea 
(paper II & III) advance the information in our databases and highlight the fact 
that most of what we find is still not represented in these databases. This was 
also true for the viral contigs that were assembled for paper I. Further, the 
investigated phage-host systems display interactions that are important to 
consider when looking at aquatic ecosystems, such as host range, efficiency of 
infection, metabolic potential, activity and intra-genus, as well as temporal, 
variations. 

 

 
Figure 8. Temporal variation of barba19A, representative of Barbavirus, and relative 
abundances of the bacterial host, BAL341 (triangles), based on a 16S amplicon sequence 
variant. The differently shaded circles indicate the coverage of the phage within the sample. 
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Phage and nutrient driven metabolic 
reprogramming of a bacterial host 
Transcriptional studies of phage infected bacteria can describe changes in host 
transcription caused either directly by the phage or as a defence against infection 
(Clokie et al 2006, Ceyssens et al 2014, Sacher et al 2018). Phage genes are 
usually transcribed in either two or three temporal clusters, regardless of which 
host or which light or nutrient conditions the infection occurs in (Clokie et al 
2006, Thompson et al 2016, Allen et al 2017, Blasdel et al 2017, Howard-
Varona et al 2017b), indicating a fixed strategy for phage gene expression. In 
spite of this consistency, changes in bacterial gene expression have shown to 
differ depending on which phage that infects the bacterium (Doron et al 2016, 
Howard-Varona et al 2020), resulting in different metabolic changes with the 
accompanying altered need for nutrients. However, these studies have generally 
been conducted under nutrient-rich laboratory conditions (Chevallereau et al 
2016, Howard-Varona et al 2017b), with the exception of a few studies 
investigating the effect of phosphorus limitation in photosynthetic organisms 
(Lin et al 2016, Bachy et al 2018). While phosphorus can be a limiting nutrient 
(Wu et al 2000), carbon is often important for heterotrophic bacteria (Bunse et 
al 2019). Transcriptomic studies of phage infection during both nutrient-rich 
and comparably nutrient-poor conditions, might allow us to understand phage 
infected bacterial responses more similar to what can be expected in nature. 

We therefore performed such a study with the model bacterium BAL341 and 
its phage barba18A (paper IV). Since BAL341 is a bacterium that display 
seasonality at LMO (paper III), is responsive in both transplant and organic 
pollutant experiments (Lindh et al 2015, Karlsson et al 2019) and has phages 
with several metabolic genes (paper III), this is a well suited phage-host system 
to study. Further, BAL341 prevalence at LMO increases after the summer 
cyanobacterial bloom (Bunse et al 2019) and it has primarily been detected in 
the particle associated water fraction at LMO, indicating that it is likely to 
naturally grow in nutrient enriched waters. We therefore set up an experiment 
with BAL341 grown in either standard, nutrient-rich lab medium (full nutrient 
medium, FNM) or a diluted medium (5% standard medium in sea water; low 
nutrient medium, LNM). Bacteria were mixed with either barba18A or mock-
infected with milliQ water (Fig 9). Thereafter, we sampled each culture for 
transcriptomic sequencing at five different time points to study the progression 
of the infection. 
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Figure 9. Experimental setup of the transcriptomic experiment. Two different nutrient 
treatments were used, full nutrient medium (FNM) and low nutrient medium (LNM), and the 
bacterial cultures were either infected with phage or left as control, noninfected. Each 
combination was replicated three times.  

We found that the phage genes were expressed in two temporal clusters both in 
FNM and LNM (Fig 10). Within the early cluster the genes were mainly 
involved in DNA synthesis and metabolic activities, such as genes annotated as 
DNA polymerase and primase or ribonucleotide reductase. The late cluster 
contained viral morphogenesis genes, such as major capsid protein and 
terminase large subunit (for further details regarding annotation see paper III). 
The division with earlier expressed genes producing the DNA to be packed into 
the finished viral particles and later expressed genes mainly being involved in 
morphogenesis, is quite common (Lindell et al 2007, Lavigne et al 2013, 
Howard-Varona et al 2018). It has also been shown that these clusters are 
sometimes proceeded with genes involved in host take over (Halleran et al 2015, 
Howard-Varona et al 2017b, Morimoto et al 2018), but no such cluster was 
found in the present study. Such a cluster is often expressed almost directly 
upon infection, and can be confounded with expression of genes in the 
following cluster.  
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Figure 10. Relative expression of phage genes across time. The expression is normalised by 
dividing the expression of each gene by its maximal value, which is thus 100% and expression 
at the remaining time points are a percentage thereof. Yellow lines indicate genes clustered 
as “early” while green lines are “late”. A. The expression of phage genes in FNM. B. The 
expression of phage genes in LNM.  

The fact that the temporal clusters in both FNM and LNM contained the same 
genes and progressed similarly (Fig 10), even though the phage infection took 
longer time and produced less phages in LNM as compared to FNM, is another 
indication that phages seem to express their genes in a fixed manner. 

The phage infection altered the host gene expression (Fig 11). There were 
some common aspects between the two nutrient treatments, such as DNA 
metabolism and stress genes being overexpressed in both FNM and LNM phage 
infected bacteria compared to the noninfected controls. DNA metabolism is 
essential for the phage to replicate its genome, but this category also contained 
genes annotated as restriction modification system, which is a bacterial defence 
strategy against phages (Labrie et al 2010). Phages have ways of countering this 
defence, such as methylation of their own genome to mimic the host (Arber 
1965, Samson et al 2013). Since barba18A was able to have a productive 
infection in BAL341 it seems to evade the host defence system somehow, even 
though the exact mechanism was not tested in this study. In addition, the stress 
genes were annotated as phage shock proteins, which can be overexpressed by 
the bacteria during phage infection (Brissette et al 1990). If these genes are 
expressed by the bacteria to somehow counter the phage infection or if they are 
expressed because the phage has taken over the host’s metabolism is not known. 
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Figure 11. Differentially expressed genes between phage infected bacteria and control 
bacteria in each medium at each time point (full nutrient media to the left and low nutrient 
media to the right), organised based on functional annotations of genes. Only categories 
mentioned in the main text are included. Log2-fold change (logFC) indicate how large the 
differences in expression were between phage infected bacteria and control bacteria, with 
red colours for genes that were overexpressed in phage infected bacteria and blue for genes 
that were underexpressed. 

There were also differences in gene expression between the two nutrient 
treatments. These differences were most striking with regards to genes 
associated with iron and phosphorus acquisition and metabolism. The genes in 
these categories were unaffected when comparing the phage infected bacteria 
against their controls in FNM, while there were several genes that had 
differential expression in LNM. The genes for iron acquisition and metabolism 
were less expressed in the phage infected treatment than in the control. This is 
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especially interesting since iron genes were more expressed in the LNM control 
bacteria than in FNM, which indicates that the control bacteria were trying to 
cope with the limited amount of iron by increasing the uptake, but when 
similarly grown bacteria were infected these genes were underexpressed. We 
hypothesise that this decrease originates in the phages need to avoid multiple 
infections of the same host cell. Multiple infections can decrease the phage’s 
fitness since the host might be redirected to produce the second phage instead. 
According to the “Ferrojan horse hypothesis” (Bonnain et al 2016) phages are 
likely to use iron receptors on the bacterial cell surface to establish infection, 
therefore it might be in the phages’ interest to decrease these possibilities, which 
may explain why we saw a decrease in the transcript levels in the phage infected 
bacteria compared to their controls.  

Genes involved in phosphorus metabolism were also more expressed in LNM 
control bacteria than in FNM control bacteria, and the phages were once again 
repressing the expression of one of these genes. This gene, the phoH-gene, is 
hypothesised to be involved in phosphate starvation (Kim et al 1993, Poranen 
et al 2006) but the actual function is still unknown and the phage carries its own 
version of this gene. The phage phoH gene was expressed in the early gene 
cluster, and it had higher transcript levels in FNM compared to LNM at time 
points 3 and 4. This might indicate that the phage’s need for phosphorus in LNM 
was lower than in FNM. However, the phage in LNM overexpressed another 
phosphorus acquisition gene, pstS. This gene is also part of the pho regulon that 
increases phosphorus uptake when needed (Wanner 1993), and has been seen 
to be upregulated during phage infection in phosphorus-depleted media (Lin et 
al 2016). Therefore, the phage seemed to be increasing the uptake of phosphorus 
through pstS, and not through phoH. Since phoH is a prevalent metabolic gene 
in phage genomes (Goldsmith et al 2011), it would be meaningful to 
characterise its function during phage infection in greater detail. 

Taken together, these observations of metabolic changes in the bacterial host 
depending on phage infection and nutrient regime suggests that we still have a 
lot to discover in order to construct reliable models to account for phages in 
natural environments. There is a balance between adding too many details and 
including too few, which has been addressed with regards to viral and protist 
predation on bacteria (Thingstad and Våge 2019), but we need to thoroughly 
consider the impact of phages on their host metabolism. While a bacterium 
might be metabolically active in a certain way, its phage infected counterpart 
may show altered activity in a number of ways and this influences the processes 
that occur in the natural environment. Thus, identifying functional guilds within 
phage-host interactions (Howard-Varona et al 2020) might enable us to create 
relevant models. The phage infected bacteria in LNM display certain 
characteristics that are absent in FNM, and these are relevant to explore further, 
especially with regards to the reoccurring abundance patterns this system 
displays.  
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Conclusions and future perspectives 

The studies in this thesis start with investigations at the community level, then 
delves into specific phage-host pairs and end with describing detailed 
interactions in one of these phage-host pairs. This was accomplished by utilising 
both traditional lab techniques and more modern high throughput sequencing. 
The first allowed us to tease apart interactions and interplay between specific 
phages and their hosts, and the second allowed us to describe their genetics, as 
well as enabled us to study phages that have not been cultured. 

Viral diversity is still highly unknown. The viral communities at Äspö were 
only partly similar to previous sequenced viruses and the isolated phages were 
also novel (papers I-III). This is an indication that the viral dark matter is still 
vast and that these kinds of studies are relevant and needed. However, the 
methods of sequencing and of post-processing are becoming more and more 
refined, enabling us to find connections between these bioinformatically 
produced viral contigs and databases that indicate host connections. This led to 
discovery of previously unknown viruses infecting uncultured hosts (paper I). 
Continued exploration of viral diversity with both isolation and high throughput 
sequencing are crucial for us to understand aquatic ecosystems.  

Interactions between viruses and their hosts are complex, and there are many 
factors that will influence this interplay. Connecting viruses and hosts in 
sequencing datasets is a great first step, since this allows us to look at patterns 
of prevalence and abundances. Here, I found that specific phage-host pairs can 
both occur seemingly randomly in temporal datasets (paper II), but that others 
had reoccurring patterns that could be coupled to environmental factors (paper 
III). Such patterns are important in the quest to understand microbial 
ecosystems and variabilities. These different patterns should be investigated 
further, since knowledge to their origins, for example if they are driven by host-
range specificity or genetic properties, are important to understand 
environmental dynamics. 

Further, viruses’ activity seems to be coupled to host activity, which is rather 
intuitive. Viral activity in the deep biosphere was most evident in the water 
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where the microbial hosts had a higher activity (paper I), which could have 
metabolic implications on the entire community. This was supported by the 
transcriptomic experiment, which showed that phage infection altered the way 
nutrient metabolism genes were expressed (paper IV). Since viruses change the 
way nutrients are acquired, it becomes important to know what fractions of 
microbial communities are infected and how this will be affected by the current 
environment and alter with future climate change. This might have implications 
on community level energy and nutrient cycling. 

Combining sequencing methods and lab techniques might be time-
consuming and demanding, but this is what is needed to move forward. 
Sequencing of environmental samples have enriched our knowledge about 
spatial and temporal variations (Brum et al 2016a, Hurwitz et al 2016, Paez-
Espino et al 2016), while lab investigations have developed our understanding 
of the interactions (Gencay et al 2019, Howard-Varona et al 2020). Therefore, 
we need to continue to look at environmental data to see which viruses exist 
where and when, and combine these insights with how they will change their 
hosts in terms of diversity and metabolic potential. This in turn will provide us 
with deeper appreciation of the world around us.  
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