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Metagenomic Characterisation of the Gastrointestinal Virome of 
Neonatal Pigs  

Abstract 
Microorganisms that colonise the gastrointestinal tract are responsible for a large 
portion of the genetic diversity of the body. These microorganisms are of bacterial, 
archaeal and viral origin. The living space of these microorganisms, the microbiome, 
holds numerous interactions both between each other and the host. The viral part of the 
microbiome, the virome, consists of a multitude of virus species. These viruses infect 
and modulate cells from all three domains of life. Even though viruses have been 
acknowledged for their abilities to induce disease in its host, knowledge about the total 
diversity of viruses within the virome, and the role it plays in health and disease, is so 
far scarce. It is thought that the virome co-evolved with the host and that its 
establishment in mammals occurs early in life.  
   The virome can be studied by the use of viral metagenomics, the study of all viral 
genetic material within a sample. Viral metagenomics was used in this thesis to 
generate datasets for comparative metagenomics. These datasets were then used for 
disease investigation and to compare similarities in the viromes of two mammalian 
species, pigs and humans. 

This thesis establishes a methodological framework for studying the virome in 
mammals, by use of viral metagenomics. A methodology for amplifying the 
metagenome prior to sequencing was assessed and a software for bioinformatics 
analysis of viral metagenomes was developed. With the methodologies developed 
herein, the eukaryotic virome of neonatal piglets suffering from diarrhoea was 
investigated.  Several known enteric viruses were detected using viral metagenomics on 
healthy and diarrhoeic neonatal piglets. However, no virus was present exclusively 
within sick or healthy piglets and no virologial cause could be established for the 
neonatal diarrhoea. Comparative viral metagenomics was also used to establish if 
similarities existed between neonates of porcine and human origin, as well as between 
adults and neonates. Similarities were detected between adults of both species, who 
seems to be sharing a considerable part of their virome. There was also a notable 
difference between neonatal viromes and adult viromes, further supporting established 
theories about diversification over time of the virome.  
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1 Introduction 
Viruses are obligate intracellular parasites that rely on their hosts for 
replication; historically they have been investigated as a cause of disease in 
animals and humans (Mokili et al., 2012). Some classical examples are the 
viruses that cause rabies, foot-and-mouth disease, rinderpest, bluetongue, and 
more recently, Zika and Ebola. Several viruses have been discovered that fall 
outside the classical definitions of pathogens, so-called orphaned viruses (Li & 
Delwart, 2011). Together with the viral community infecting prokaryotic 
organisms, the pathogenic viruses and the orphaned viruses form the virome 
(Virgin et al., 2009). The advances in the last decades within high-throughput 
sequencing have enabled the virome to be investigated on a larger scale and 
with higher resolution than before (Delwart, 2007; Edwards & Rohwer, 2005). 
This allowed researchers to investigate the virome of several animal tissues and 
fluids as well as environmental locations of interest (Belak et al., 2013; 
Hurwitz & Sullivan, 2013; Lipkin, 2013; Mokili et al., 2012; Blomstrom, 
2011; Daniel, 2005). As a result, a complex community of viral agents has 
been discovered (Cadwell, 2015; Virgin, 2014). These communities within the 
host may serve many functions, both as beneficial symbionts with the host and 
in interaction within the larger community of microorganisms inhabiting the 
organism (Tremaroli & Bäckhed, 2012; Kinross et al., 2011). It has now 
become apparent that the microbial community is much more diverse than 
initially estimated. This raises questions about the role of viruses within the 
virome and their interaction with the host in disease and health.  

This thesis addresses two parts of studying the virome — sample 
preparation and bioinformatics data analysis. The intestinal virome of healthy 
and sick neonatal pigs was investigated using comparative viral metagenomics. 
Finally, the virome of neonates of human and porcine origin was compared 
with that of adult humans and pigs to investigate the possible presence of a 
core virome shared between species. 
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1.1 The Microbiome 

The understanding of the microbiome and its relevance for health and disease 
in its host has increased immensely over the last decade (Virgin, 2014; Virgin 
et al., 2009). The microbiome was first defined by Whipps and Cooke (1988) 
as follows:  
  

A convenient ecological framework in which to examine biocontrol systems is 
that of the microbiome. This may be defined as a characteristic microbial 
community occupying a reasonably well defined habitat which has distinct 
physio-chemical properties. The term thus not only refers to the microorganisms 
involved but also encompasses their theatre of activity. 

 
The word microbiome is interchangeable with the term microbiota in most 

of the literature. However, literature often excludes viruses in the term 
microbiota whereas the term microbiome often includes them (Marchesi & 
Ravel, 2015). The microbiota deals primarily with the composition of a 
microbial community whereas the microbiome includes not only organism 
composition but also genetic makeup and environmental conditions. In this 
thesis, the term microbiome will be used exclusively, and will include the 
composition of the community of microorganisms, including viruses, as well as 
interactions, host factors and temporal change. The microorganisms that form 
the microbiome encompass bacteria, archaea, fungi, parasites and viruses 
within a set environment e.g., the intestine, the skin, soil or a specific part of 
the ocean (Marchesi & Ravel, 2015). Of these microorganisms, bacteria and 
fungi are the most studied. This is due in part to the relatively low 
technological needs for descriptive studies using 16s rRNA in the case of 
bacteria or the internal transcribed spacer in fungi for classification of species 
diversity, so-called metabarcoding (Taberlet et al., 2012; Group et al., 2009).  

Bacteria together with their intracellular parasites, the bacteriophages, are 
the two most abundant microorganisms on Earth (Edwards & Rohwer, 2005; 
Rohwer, 2003; Torsvik et al., 2002). As such, bacteriophages and archaeal 
viruses are a major controlling factor of the prokaryotic communities 
(Rodriguez-Valera et al., 2009; Prangishvili et al., 2006; Wilhelm & Suttle, 
1999). Bacteriophages have two life stages: the lytic where the bacteriophage 
lyse their host, and the integrative where it enters its host genome, forming 
lysogens. Bacteriophages are also known for horizontal gene transfer between 
strains of bacteria and even closely related bacterial species (Weinbauer, 
2004). Phages can also interact directly with the host, thereby changing the 
environment in which the bacteria reside (Hodyra-Stefaniak et al., 2015; 
Duerkop & Hooper, 2013).  
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1.1.1 The Virome 

The virome is unique within the microbiome due to the systemic nature of its 
inhabitants, which often influence larger biological systems (Karst, 2016; 
Virgin, 2014; Minot et al., 2012; Minot et al., 2011). It is estimated that an 
individual healthy human harbours >10 chronic viral infections and sometimes 
even more (Virgin et al., 2009). Due to their nature as parasitic entities, the 
effect of the viruses on the microbiome is often profound. Viruses modulate 
and control large part of the prokaryotic microbiome and can thereby affect 
both microbiome composition as well as host. These interactions affecting 
organisms from different domains of life, so called trans-domain interactions, 
are common between phage/bacteria but also between virus/host/bacteria 
(Virgin, 2014). Studies of the virome is a key component to study for 
understanding the microbiome's role in mammals. 

The virome can be said to be divided into four different parts: i) the 
eukaryotic virome, i.e., viruses replicating within organisms belonging to the 
domain Eukarya, ii) the bacterial virome, i.e., viruses replicating within hosts 
of domain Bacteria, iii) the archaeal virome, viruses replicating within hosts of 
domain Archaea, and iv) the endogenous viral elements (Cadwell, 2015; 
Virgin, 2014; Rohwer & Thurber, 2009), see figure 1. These four components 
are present in all animal microbiomes investigated so far and they represent an 
important part of the whole microbiome. 

An estimate of the diversity of the global virome is in the range of 1031 
members, with a majority residing in the second group, bacteriophages, based 
on an estimation of a 10-fold diversity compared to the prokaryotic diversity 
(Suttle, 2005). This estimation is however contested, as ongoing metagenomics 
sampling of the oceans does not support it and puts the estimated considerably 
lower, nearly three orders of magnitude less than previous estimates (Hurwitz 
& Sullivan, 2013; Ignacio-Espinoza et al., 2013). Nevertheless, the viromes are 
the most diverse biomes of the earth with an astonishing number of species and 
genetic diversity. The size of the mammalian virome is not known, but it is 
estimated that there are around 330,000 species of eukaryotic viruses. 
However, a large portion of the virome consists of viruses infecting 
prokaryotic hosts and, as such, the grand total would be much higher (Anthony 
et al., 2013; Reyes et al., 2012). 
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Of the eukaryotic viromes, the mammalian viromes have gained most 
attention as several studies have tried to grasp the relationship between the 
virome/microbiome/host in relation to potential diseases and 
virome/microbiome interactions (Mokili et al., 2012). To fully encompass the 
virome and its role in shaping host response, as well as its interactions within 
the microbiome, it is necessary to consider its systemic effects (Handley, 
2016), see figure 2. By allowing each species in a microbiome to be 
represented by a node within a network, Handley (2016) provides a systemic 
perspective of the virome. Viral species are thus represented by nodes with 
several edges, as their overall effect on the host and microbiome is often 
greater than that of other nodes (such as bacteria and host factors). 

 
Figure 2. A simplified network of virus/bacteria/eukaryote interaction within the microbiome. 
Solid lines are direct modulation, such as infection. Dashed lines are indirect modulation, such as 
superinfection exclusion. A simple network of three viruses, yellow, and two bacteria, orange, can 
modulate itself and the host, green in several different ways. The six nodes have a total of eight 
possible edges in this simple network. 

1.2 Methodologies for Studying the Microbiome 

Before culture-independent methodologies were available, the microbiome was 
studied using traditional methodologies e.g., bacterial culturing, virus isolation 
and electron microscopy. Although providing several major breakthroughs, the 
methodologies were labour intensive and progress was limited (Cho & Blaser, 
2012). Furthermore, most bacteria and viruses are not possible to cultivate. 
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With the introduction of high-throughput sequencing (HTS), first as parallel 
sequencing using Sanger sequencing and then with second or next-generation 
sequencers, the primary methodology shifted to nucleic-acid based detection 
through sequencing (Hugenholtz & Tyson, 2008). This has enabled a 
breakthrough in microbiome research allowing virome characterization to go 
from years down to just months or weeks of labour. 

1.2.1 Virome Enrichment 

The genomes constituting the virome are magnitudes smaller than the other 
genomes within the microbiome and commonly in the order of billions times 
smaller than the host genome. As such, unless the virome part is enriched, 
sequencing data from metagenomes are predominantly from the host and 
prokaryotic microbiome (Thurber et al., 2009). 

Virome enrichment is divided into two major parts: virome isolation and 
nucleic-acid based amplification. Virome isolation aims at removing host 
genetic material as well as the prokaryotic microbiome by centrifugation, 
filtration, rRNA depletion and nuclease treatment. Isolation can also be 
performed by bead-based capture of viral particles or genomes. Depending on 
the specific goals within the study, two or more techniques can be used in 
combination. Several in-depth studies have investigated the bias and the 
feasibility of single methods as well as combinations of single methods, see 
Hall et al. (2014) and Rosseel et al. (2015).  

Nucleic-acid based amplification of the virome is generally based upon two 
methodological approaches: polymerase chain reaction (PCR) or multiple 
displacement amplification (MDA) (Rosseel et al., 2015; Hall et al., 2014). 
Both methodologies use random priming of the template, the virome, but the 
amplification strategy differs. The PCR approach aims at randomly priming the 
genomic elements of the virome and then amplifying the metagenome by PCR. 
This includes methodologies such as sequence-independent single-primer 
amplification (SISPA) (Allander et al., 2001), see figure 3a. The second 
overreaching methodology MDA (figure 3b and 3c), uses a displacement DNA 
polymerase, e.g., Phi29 polymerase, to amplify DNA (Dean et al., 2001). The 
reaction is primed by random hexamers on the template and the following 
amplification follows a pattern of branching and priming, as seen in figure 3b 
and 3c. Even though both methodologies have some inherent biases, both have 
been used with great success for amplification of whole genomes and 
metagenomes (Marine et al., 2014; Rosseel et al., 2013; Binga et al., 2008). 
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1.2.2 Sequencing 

Over the last decade, the use of HTS for characterization of the virome has 
gone from a technology confined to sequencing centres to a technology widely 
used in both medium-sized and small labs (Belak et al., 2013; Delwart, 2007). 
With the introduction of the second generation of sequencers, such as the 454 
Life Sciences and the Solexa platform (later acquired by Illumina and will be 
referred to as “Illumina” throughout the thesis), large-scale virome 
characterisation moved from being an extremely labour extensive and costly 
procedure to a feasible methodology for pathogen detection and ecological 
studies (Bentley et al., 2008; Lipkin, 2008; Wheeler et al., 2008).  

In 2011 the development accelerated with the introduction of affordable 
benchtop instruments for sequencing (Quail et al., 2012; Rothberg et al., 
2011). The current rate of publication and citation within the field of viral 
metagenomics is extraordinary, with more than 350 published articles and over 
8000 citations in 2015 (the most recent year for which full-year statistics are 
available).  

Current HTS technologies are divided into two primary methodological 
fields: i) short read technologies (Illumina, IonTorrent, 454), and ii) single-
molecule sequencing technologies (Oxford Nanopore and PacBio) (Goodwin et 
al., 2016). Whereas the short read technologies work by sequencing several 
short fragments (75-400b) of the fractionated sample, single-molecule 
sequences can handle considerably longer sequences. Table 1 summarises the 
currently available technologies and their specifications, e.g., read length, 
Mb/h, data output. 
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Table 1. Available sequencing technologies, their throughput, read length, Megabases per hour 
(Mb/h), and sequencing methodology. All data is collected from manufacturers homepage and 
represent specifications in optimal situations. 

Sequencing platform Throughput Read 
length  

Mb/h Methodology 

Illumina MiniSeq 7.5 Gb 2*150 312 2-channel Sequencing by 
Synthesis 

Illumina MiSeq 15 Gb 2*300 268 4-channel Sequencing by 
Synthesis 

Illumina NextSeq 120 Gb 2*150 4,138 2-channel Sequencing by 
Synthesis 

Illumina HiSeq 2500 1000 Gb 2*125 6,944 4-channel Sequencing by 
Synthesis 

Illumina HiSeq 4000 1500 Gb 2*150 16,666 4-channel Sequencing by 
Synthesis 

Ion Torrent 2 Gb 400 274 Semiconductor sequencing 
Ion Proton 10 Gb 200 2,500 Semiconductor sequencing 
IonTorrent S5 15 Gb 200 600 Semiconductor sequencing 
PacBio 1 Gb 20,000 250 Single Molecule, Real Time 

Sequencing 
PacBio Sequel 1.25 Gb 20,000 208 Single Molecule, Real Time 

Sequencing 
Oxford Nanopore MinION 42 Gb 10,000 875 Nanopore DNA sequencing 
Oxford Nanopore 
PromethION 

256 Gb 10,000 5,333 Nanopore DNA sequencing 

 
Three main sequencing platforms have produced most of the datasets for 

metagenomics: Illumina, IonTorrent and 454 Roche. The 454 was the first 
second-generation sequencer on the market. It was used up extensively until 
2012 when it was overtaken by the launch of the benchtop sequencers in the 
IonTorrent and Illumina line-up. A considerable amount of data has been and 
still is produced by the 454 but the manufacturer no longer supports the 
platform.  

1.2.3 Bioinformatics 

Bioinformatics is the scientific field focused on developing methodologies for 
the efficient use and management of experimental data within biology 
(Hogeweg, 2011). Due to the extensive amount of data produced through HTS, 
bioinformatics is necessary for analysis and visualisation of metagenomes 
(Kunin et al., 2008).  

Bioinformatics for metagenomics studies requires several different tools for 
three main tasks: sequence quality control, sequence assembly, and sequence 
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classification (Kunin et al., 2008). Sequence quality control tools was 
developed during the human genome project as a way to estimate and compare 
different sequences for increased validity of the assemblies. By providing a 
statistical framework for sequence quality based on the base calling from raw 
reads, a quality score Q is derived for each base in a sequence. Q is the 
probability that a base is miscalled at that specific location, such that Q20 
predicts 1% error and Q30 predicts 0.001% error (Ewing & Green, 1998). An 
increased understanding of metagenome composition and the introduction of 
new sequencing platforms have pushed development for new quality control 
algorithms. Today there are several custom-made algorithms and software 
tools for determining a plethora of metrics, e.g., alien sequence contamination, 
low-complexity sample, adapter removal, mean Q-score filtering, length 
filtering etc. (Shrestha et al., 2014; Patel & Jain, 2012; Schmieder & Edwards, 
2011).  

Sequence assembly is the process of forming long, contiguous sequences 
(contigs) from sequence reads (Pop, 2009). This process was initially based on 
simple algorithms, matching overlaps of sequence reads towards each other 
thereby forming a longer sequence. This was later iterated, performing the 
action on larger datasets thereby building larger contigs. As the number of 
sequences is increasing, so is the complexity of the operation and the execution 
time. With the HTS introduction, regular methodologies for sequence assembly 
became a bottleneck in the analysis (Pop, 2009). Development of new, 
algorithmically more optimised assemblers birthed the de bruijn assemblers, 
lowering execution time and enabling assembly of datasets several magnitudes 
more complex than before (Li et al., 2012; Compeau et al., 2011). Assembly of 
metagenomic data is however still hampered by the presence of several 
genomes within the dataset, which leads to computationally advanced 
problems. Given the large influx of metagenomic datasets during the last five 
years, development of specific tools for handling metagenomic assembly are 
on the horizon (Bankevich et al., 2012; Boisvert et al., 2012; Namiki et al., 
2012). 

The final step of metagenomic bioinformatics analysis is the classification 
of sequence reads or contigs in their correct taxonomic group. This process was 
initially performed by sequence homology software, such as the basic local 
alignment search tool (BLAST) (Altschul et al., 1990). This was refined with 
adding a lowest common ancestor (LCA) algorithm on top of the BLAST 
results, ordering the reads in taxonomical hierarchy (Huson et al., 2007). As 
increased throughput of sequencing platforms eventually pushed the execution 
times from days to weeks’ sequence read classification became the new 
bottleneck of metagenomics. Several tools have been developed to battle this, 
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ranging from execution time improvements on BLAST, e.g., GPU-BLAST, 
and DIAMOND to more optimised solutions such as k-mer based tools, e.g., 
Kraken and Kaiju (Menzel et al., 2016; Buchfink et al., 2015; Wood & 
Salzberg, 2014; Suzuki et al., 2012; Vouzis & Sahinidis, 2011; Manavski & 
Valle, 2008). Methodologies using other theories for classification have been 
proposed; however, none of these have provided enough advantage to be 
widely used.  

Efficient bioinformatic handling of metagenomic data is of outmost 
importance for microbiome studies. The increasing number of algorithms and 
software for handling different problems within the field has created a 
multitude of tools available to researchers. However, little benchmarking and 
compilation of tools into methodologies is performed and most of the 
development in the field is not available to general researchers without 
bioinformatics knowledge.  

1.3 The Animal Virome – a Factor for Health and Disease 

The composition of the virome in animals seems linked to both health and 
disease and can influence the host throughout a multitude of interactions 
(Stelekati & Wherry, 2012; Foxman & Iwasaki, 2011; Virgin et al., 2009). 
Small changes to the virome, such as the introduction of a single pathogenic 
agent within a virome of several hundred species can quickly disrupt a 
multicellular organism, leading to degradation of biological function. This type 
of infection normally follows Koch's postulates, i.e., an infectious agent 
isolated from a diseased animal replicates the disease state, when introduced 
into a healthy animal. With the increasing knowledge of the role of the virome 
in infectious disease, this model is insufficient to explain certain disease states, 
like for example when several microorganisms together disturb the biological 
functions of the host (Mokili et al., 2012). The paradigm shift from single 
pathogen detection to multi-microbe detection is changing the way we view 
infectious disease. With the increased knowledge from metagenomics studies 
of the virome, Mokili et al (2012) suggests the following:  

 
Alternatively, we propose the metagenomic Koch's postulates, which focus on 
the identification of metagenomic traits in disease subjects. The metagenomic 
traits are molecular markers such as sequence reads, assembled contigs, genes or 
full-genomes that can uniquely distinguish diseased metagenomes from those 
obtained from matched healthy control subjects.  
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In other words, they amend Koch's postulates to encompass not only single 
pathogens but also co-infections and virome composition of the host. This 
could in theory also be expanded to include host factors such as immunological 
maturation and genetic susceptibility, enabling a more holistic view of viral 
infection and pathogenesis. 

Although the microbiome´s impact on disease and health has been 
established for nearly a decade (Gill et al., 2006), investigations into viromes 
of healthy animals have been limited. The National Health Institute in the USA 
estimates that only 5% of the microbiome funding between 2012-2014 has 
been used to explore the virome (Stulberg et al., 2016), even though estimates 
put the diversity of the virome equal to or higher than that of the prokaryotic 
components of the microbiome (Reyes et al., 2012). Most studies on the 
virome are performed as part of pathogen discovery efforts, leaving a gap in 
the knowledge about the virome in healthy animals. Given the proposed 
plasticity of the prokaryotic microbiome in response to dietary changes as well 
as inflammatory states (Minot et al., 2012; Reyes et al., 2010), it is important 
to establish a baseline virome composition and its temporal changes. 

The microbiome is mostly described in terms of commensal symbiosis. The 
separate species of the microbiome form a whole ecological community, which 
provides functionality to the host, thereby forming a symbiotic relationship 
between the two (Tremaroli & Bäckhed, 2012; Hooper et al., 2001). Given the 
four defined parts of the virome, viruses can affect the host through trans-
domain interactions in different ways:  

 Eukaryotic viruses continuously infect higher organisms (Virgin et al., 
2009). This provides the organisms’ immune response with a constant 
flux of activation thereby priming the immune system for coming 
infections (Foxman & Iwasaki, 2011). This constant interaction between 
the virome and its host is also trans-domain, as the constant flux of the 
immune system can provide a defence against microorganism invasion 
and colonisation, thereby not only affecting the host but also 
microorganisms populating the host (Handley, 2016; Norman et al., 
2015; Barton et al., 2007).  

 The bacterial virome infects and controls bacterial populations within 
the host microbiome. It also directly interacts with the host during its 
lytic cycle, during which phage particles directly interact with the host's 
immune receptors (De Vlaminck et al., 2013; Duerkop & Hooper, 2013; 
Cuesta et al., 2006).  

 Less is known about the archaeal virome, but initial studies model it in 
the same way as the bacterial virome (Krupovic et al., 2011; Rohwer & 
Thurber, 2009; Prangishvili et al., 2006).  
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 Viral infection can also infer partial immunity by interaction with other 
viruses through superinfection exclusion, a state where a viral infection 
prevents further infection from other viral agents with close homology, 
e.g., an infection by Hepacivirus excludes infection by the other 
Hepacivurses to some degree (Tscherne et al., 2007).  

 The endogenous viral elements often confer beneficial functions to the 
host, either through direct function e.g., a gene is incorporated providing 
function for the host, or through indirect functionality, such as 
immunization (Feschotte & Gilbert, 2012).  

1.4 Establishment of the Gastrointestinal Virome – Viral 
Interaction in Neonatal Hosts 

The microbiome is established early, possibly already during gestation, and it 
matures into a stable state by the time the animal reaches young adulthood 
(Lim et al., 2015; Aagaard et al., 2014; Bergstrom et al., 2014; Matamoros et 
al., 2013; Penders et al., 2006). The establishment of the microbiome in 
mammals is an important event in maturation. During the first months of life, 
the microbiome diversifies and as diet changes upon weaning, the microbiome 
enters a secondary expansive phase before entering its mature stage (Lim et al., 
2015; Schloss et al., 2012; Kurokawa et al., 2007). The microbiome 
composition of neonates is directly connected to that of the mothers and 
changes in the microbiome composition are affected by artificial birthing 
methods such as caesareans section (Mueller et al., 2015; Goedert et al., 2014).  

Studies indicate that stressors to the microbiome during these stages of 
maturation can cause imbalances. One such stressor is antibiotic treatment, 
which kills bacteria and also induces pro-phage activation and thereby disturbs 
the prokaryotic microbiome with long-term effects after ended treatment (Allen 
et al., 2011; Sommer & Dantas, 2011). Through trans-domain interactions, 
stressors on the microbiome can thereby affect the host long term, with 
possible inflammatory states and metabolic deficiencies (Norman et al., 2015; 
Schwartz et al., 2012; Tremaroli & Bäckhed, 2012; Kinross et al., 2011).  

Due to the extensive establishment of bacteria in the neonate microbiome, 
the virome is mostly dominated by prokaryotic viruses. However, recent 
advances also indicate that the eukaryotic virome is established during the first 
hours of life and becomes diversified much like the microbiome as a whole 
(Lim et al., 2015). This eukaryotic virome includes both viruses with unknown 
host interactions as well as classical pathogenic viruses. It must be noted 
however that even though these viruses might be traditionally considered 
pathogens, the hosts remain asymptomatic.  
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1.5 The Core Virome 

Most ecological systems comprise a core of species that are often resilient 
towards stressors and stable in diversity even though fluctuations might occur 
at the species composition level (Costello et al., 2012). Earlier studies have 
indicated a core virome within different microbiomes in humans and animals 
(Cadwell, 2015; Stern et al., 2012). However, knowledge is so far limited 
about the core virome and its functionality and interaction with the host and the 
microbiome, but its disruption seems to be damaging for the host (Karst, 2016). 
For example, virome disruption renders the host slower in recovery from 
inflammatory states (Yang et al., 2016). It has also been shown that the 
presence of viral species can, to some extent, replace bacterial functions in the 
host (Kernbauer et al., 2014). Kernbauer et al (2014) provided proof that 
enteric viruses, at least partially, provide the host with the same function as a 
commensal bacterium. The establishment of the prokaryotic microbiome is 
closely linked to that of the virome. These recent discoveries about the virome 
indicate that mammalian hosts retain a core virome. Additionally there are 
individual differences in virome composition, e.g. rare species who diversify 
the individual viromes but are not part of the core (Stern et al., 2012).   

1.6 The Implications of the Virome in Veterinary Medicine 

Initial studies of the virome within mammals indicate a diverse population 
(Cadwell, 2015; Virgin, 2014; Reyes et al., 2012). The gastrointestinal tract in 
particular is populated by a complex virome, retaining stability over time and 
developing throughout the host's life (Lim et al., 2015; Ogilvie & Jones, 2015; 
Stern et al., 2012). Determinants in host metabolic functions and stressors such 
as infection, inflammatory states and antibiotic treatment, influence the virome. 
These can lead to composition changes and sometime disturb the core 
functionality (Karst, 2016; Allen et al., 2011; Sommer & Dantas, 2011). The 
virome interacts with the microbiome as well as with the host (Ogilvie & 
Jones, 2015). The role of the virome within the microbiome is not yet fully 
understood, even though initial studies indicate a profound effect on both the 
prokaryotic microbiome as well as on its eukaryotic host (Karst, 2016; Allen et 
al., 2011).   

Developing perspectives on the virome enable decades of old knowledge to 
be used beyond its initial intent, such as multi-factorial applications of Koch´s 
postulates and a re-emergence of phage-therapy (Mokili et al., 2012; Lu & 
Koeris, 2011). Possible manipulation of the microbiome and its virome 
component relies on increased knowledge of the development, composition 
and functionality of the virome (Reyes et al., 2012). With the increased 
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availability of HTS methodologies for exploration of the virome, the possibility 
to continuously monitor changes in the microbiome of relevant domesticated 
species is on the horizon (Lipkin, 2013; Delwart, 2007).  

Knowledge about the microbiome has benefited immensely from HTS 
methodologies (Didelot et al., 2012; Hall, 2007). Virome studies are still in 
their infancy, but are providing important perspectives on both infectious 
diseases and animal welfare. Given the rapid development of the technology, 
HTS is soon available even in resource-strained environments (Pennisi, 2016). 
Just as development of sequencing techniques has pushed the boundaries of 
knowledge within microbiomes and viromes, the coming years will result in 
more advanced experiments, clinical applications and possibly even precise 
manipulation of the virome. 
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2 Aims of the Thesis 
The overall aim was to assess and develop molecular and bioinformatics 
methods that would allow the virome of neonatal animals to be characterized 
and investigated.  
Specific objectives included: 

 Assessment of bias introduced from sequence-independent, single-primer 
amplification (Paper I) 

 Evaluation of bioinformatic methods for classification of viral reads within 
metagenomic datasets (Paper II) 

 Development of a set of bioinformatic tools for use within viral 
metagenomics (Paper II) 

 Characterisation of the eukaryotic virome within healthy and sick neonatal 
pigs, using viral metagenomics (Paper III) 

 Comparison of viromes of healthy neonates of Sus scroufa domesticus and 
Homo sapiens to study similarities between the viromes (Manuscript IV) 

 Investigation of stable parts of the virome in neonate and adult Sus scroufa 
domesticus and Homo sapiens (Manuscript IV) 
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3 Comments on Methodologies and 
Materials 

This section describes in general terms the methods and the materials used for 
the studies in this thesis. The methods are described in greater detail within 
each paper (I-III) and manuscript IV. The studies can be divided into two main 
parts, methodological assessment (I, II) and application (III, IV). This section 
will cover the animal samples used for studies III and IV, the synthetic 
metagenome used in papers I and III, the data collections used within papers II 
and manuscript IV and the methodologies assessed within paper I and II. 

When designing experiments, the choice of methodology must always 
reflect the hypothesis and aim of the study as well as the expected outcome. In 
papers III and manuscript IV, the goal was to determine whether neonatal 
animals have an initial establishment of a virome at birth and if a known viral 
agent were involved in emerging neonatal porcine diarrhoea in Sweden. This 
was tested with viral metagenomics on sick and healthy porcine neonates and 
with comparative viral metagenomics on datasets representing healthy 
neonates and adults from two species. To enable this, a molecular methodology 
for viral enrichment was evaluated in paper I and a framework for 
bioinformatics analysis was developed in paper II.  

3.1 Construction of a Synthetic Metagenome (Paper I, Paper III) 

In the experimental design of metagenomic studies, the use of positive controls 
is not as common as in other fields of molecular diagnosis and detection. This 
leads to a lack of comparability between methodologies and questions about 
the validity of the results (Knight et al., 2012). Synthetic or model 
metagenomes — metagenomes produced from previously cultured viruses — 
can be used within virome studies as positive controls, as spikes for low 
diversity samples, and for development of methodological improvements 
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(Howe et al., 2014; Marine et al., 2011). Within this thesis, the term synthetic 
metagenome will be used exclusively.  

3.1.1 Synthetic Metagenome Used for Investigating SISPA Bias (Paper I) 

In paper I a synthetic metagenome was developed for testing an amplification 
strategy and as a positive control within future studies. Four previously 
genetically characterized viruses were included: human adenovirus type 2 
(Ad2), african swine fever virus-E75 (ASFV), avian paramyxovirus type 1 
(APV-1) and avian influenza virus H7N7 (AIV).  

Ideally a synthetic metagenome should be constructed by spiking a sample 
with virons, thereby acting as a process control for both virome isolation and 
amplification. However, this can be technically challenging with pathogens 
such as ASFV, because it requires access to biosecurity facilities and trained 
personnel. Therefore, the synthetic metagenome used in Paper I was based on 
extracted nucleic acid of the four selected viruses. The viruses were grown and 
isolated independently of each other. The nucleic acids were then purified and 
combined after quantification (Nanodrop ND-1000) to represent a synthetic 
virome with one virus, Ad2, in excess and the other three at lower 
concentrations, as described in paper I. The synthetic metagenome was used in 
paper I to evaluate bias introduced by SISPA.  

3.1.2 Improved Synthetic Metagenome (Paper III) 

For paper III, the synthetic metagenome was redesigned and expanded. Ad2 
and APV-1 were removed and but several other viruses were included in 
addition to ASFV and AIV: Classical swine fever virus (CSFV), West Nile 
virus (WNV), Blue tongue virus (BTV), Porcine parvovirus (PPV), 
Enterobacteria phage phiX174 (PhiX 174), Bacteriophage MS2 (MS2), 
Pseudomonas phage phi6 (Phi 6) and Phage 28b. This expanded synthetic 
metagenome covers the most common forms of genomic structures for 
eukaryotic viruses as well as bacteriophages and therefore provided a better 
point of reference. ASFV, CSFV, AIV, WNV, BTV and PPV were all kindly 
provided by the Department of Microbiology at the National Veterinary 
Institute (SVA), Uppsala, Sweden. Phi 6, MS2 and Phage 28b were provided 
by Eva Emmoth, also at the Department of Microbiology at SVA. Phi X174 
virion DNA was purchased from New England Biolabs (UK), Hertfordshire, 
Hitchin, United Kingdom. 
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3.2 Whole Genome Amplification Strategies (Paper I, Paper III) 

The study in paper I focused on SISPA and possible biases introduced when 
using it for whole genome amplification (WGA). SISPA or variants thereof are 
commonly used for metagenomic experiments. Alternatively, MDA can be 
used for amplification. MDA also has an inherent amplification bias due to a 
strong preference for circular genomes, increased amplification of shorter 
targets, and uneven amplification of larger targets (Marine et al., 2014; Kim & 
Bae, 2011; Yilmaz et al., 2010). Due to the abundance of circular DNA viruses 
in intestinal environments, the use of MDA thus makes it unsuitable for studies 
of the intestinal virome.  

In paper I a synthetic metagenome was used to test the SISPA methodology 
to determine what biases were introduced by SISPA in a viral metagenomic 
dataset. Two versions of the same metagenome, one diluted and amplified and 
one undiluted, were compared for changes in genome coverage, abundance of 
reads mapping towards the viruses and the composition between viruses within 
the metagenome.  

3.2.1 Improved SISPA Methodology (Paper III) 

During 2013, an optimised SISPA methodology was published by Rosseel et 
al. (2013). Strong evidence was provided for the factors behind SISPA bias 
and a vastly improved methodology was presented. The optimised 
methodology combined several different primers and several SISPA products 
to improve the evenness of coverage for RNA viruses. The authors also 
included optimised SISPA-tag-sequence, increased the random region of the 
SISPA-tag, and optimised the priming part of the SISPA-tag to better suit the 
need of even amplification within the whole genome. Their method, however, 
has not been tested for whole metagenomes even though the original SISPA 
methodology and variations thereof have been used for amplification of 
viromes at several occasions (Li et al., 2015; Granberg et al., 2013; Mokili et 
al., 2012; Blomstrom et al., 2010; Allander et al., 2001). In paper III, the 
optimised SISPA methodology proposed by Rosseel et al (2013) was used to 
generate amplified metagenomes.  
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3.3 Samples from Pigs Suffering from new Neonatal Piglet 
Diarrhoea Syndrome (Papers III, Manuscript IV) 

Samples for papers III and manuscript IV were collected within the frame of 
the thesis work “Neonatal Porcine Diarrhoea” (Larsson, 2016). As described in 
paper III, recruitment of the herds was performed on a voluntary basis from 
farmers in the central parts of Sweden. Procedures for collecting samples were 
approved by the Ethics Committee for Animal Experimentation, Uppsala, 
Sweden (permission number: C120/11). Ten herds with reported piglet 
diarrhoea were chosen for sample collection and seven piglets were sampled 
within each herd. Of these seven piglets, two were healthy controls as judged 
by two veterinarians at collection and by two pathologists at necropsy. For full 
disclosure on the sampling procedures as well as the in-depth survey of new 
neonatal porcine diarrhoea syndrome in Sweden, see Larsson (2016). 

Intestinal tissue (distal jejunum) was chosen for the metagenomics survey 
of known eukaryotic viruses in paper III. Material was collected and stored at   
-70°C before use. The samples were thawed and homogenised (Soft tissue 
Omni Tip™ Plastic Homogenizer Probes) in combination with freeze-thawing 
on dry ice (Daly et al., 2011). The homogenate was then centrifuged after 
which the supernatant was filtered through a 0.45μm syringe filter and treated 
with nuclease. The use of nuclease treatment in metagenomics studies has 
often been raised as a possible bias, because it might destroy parts of the 
virome while still not removing all non-virome RNA and DNA (Li et al., 2015; 
Rosseel et al., 2015; Hall et al., 2014). However, the data is not conclusive and 
nuclease treatments has been shown to decrease the complexity of the sample, 
thereby decreasing the execution time of bioinformatics analysis by several 
magnitudes. Therefore, nuclease treatment was chosen for sample preparation. 
DNA and RNA were extracted according to Blomström et al. (2010). DNA and 
RNA were then prepared for sequencing, see sections 3.2 and 3.7. 

3.4 Theoretical Estimation of Required Sequencing Depth 
(Papers II, III) 

The methodology adapted and implemented in the software in paper II, 
originally proposed by Wendl et al. (2013), provides an estimate for the 
necessary sequencing depth based on the stochastic size of genomes present, 
the number of species present, and the abundance of the smallest genome in the 
metagenome (Wendl et al., 2013). However, knowledge of virus composition 
in most metagenomes is lacking. In metagenomes for which no prior 
knowledge exists, it is challenging to estimate the number of species and the 
stochastic size of genomes present. Therefore, estimates have to be performed 
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based on similar, previously characterised, datasets and caution must be taken 
to make sure enough sequencing depth is reached. If possible, a pilot 
experiment should be run to provide an estimate. It should also be noted that 
several other tools exist for estimation of sequencing depth in metagenomics 
experiments (Rodriguez & Konstantinidis, 2014b; Hooper et al., 2010; 
Stanhope, 2010). The use of two or more methods for the estimation increases 
the accuracy (Rodriguez & Konstantinidis, 2014a).  The adaption in paper II 
relied on the user supplying two metrics, the genome size of the lowest 
abundance species, and the estimated abundance of the species within the 
metagenome. Accuracy is based upon the user’s ability to estimate these 
metrics, either from previous experiments or literature. Given the user input, a 
list is supplied with a range of different sequencing platforms where the 
probability of reaching full coverage of the type species is presented in number 
of sequence runs needed. 

3.5 Sequencing (Paper II) 

A primary concern for detection of viruses using HTS is the needed sequencing 
depth to accurately classify the virome and avoid false negatives resulting from 
under-sequencing and failure to detect part of the virome. In paper II a 
methodology for estimating the needed sequence depth was implemented as an 
experimental design software. This methodology was used for designing the 
sequencing needs within paper III.  

Several platforms are available for sequencing. Given the theoretical 
sequence depth needed for discovery of viruses in the gastrointestinal virome, 
as calculated by the application presented in paper II, both the IonTorrent and 
Illumina MiSeq platforms were able to provide enough sequence data. The 
PacBio system theoretically provides enough depth for discovery of viruses, 
given the calculations from paper II, but few studies have been able so far to 
prepare samples for metagenomics sequencing on the PacBio. The longer read 
length of the PacBio platform should enable simpler classification as well as 
improve greatly the detection of new and highly divergent viruses (Wommack 
et al., 2008). So far a single study using the PacBio technology for 
metagenomics has been published. It investigated the human skin microbiome, 
where the resolution on detection increased with the longer read length (Tsai et 
al., 2016). 
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3.5.1 Design of Sequencing Experiment for Detection of Eukaryotic Viruses by 
use of Viral Metagenomics (Paper III) 

In paper III a study of the eukaryotic virome was performed on healthy and 
sick neonatal piglets. During the experimental design, rigorous work was 
performed to determine optimal sequencing of the samples as well as 
sequencing technology to use for data generation.  

As the Illumina and Ion Torrent technologies were deemed suitable, pilot 
studies were performed on both platforms. The pilot study was performed on 
seven pigs, two healthy and five sick. Sequencing was performed on the 
IonTorrent and the MiSeq sequencing platforms. All metagenomes were 
sequenced to a depth of 1.5 Gb (unpublished data). The sequencing data were 
classified using the methodology developed in paper II. The optimal 
sequencing depth for the complete sequencing study within paper III was 
calculated using the experimental design module from paper II. The final 
evaluation of sequencing platform was performed with several factors in mind: 
cost, speed, quality and support. Based on the pilot studies and extensive 
method evaluation, the samples within study III were sent to the National 
Genomics Infrastructure (NGI), in Uppsala, Sweden for sequencing on the Ion 
Proton platform. In line with the theoretical calculations, the obtained data 
provided a sequence depth of 1.5Gb per sample and were well within our 
detection range for the virome, calculated to around 300 Mbp. 

3.6 Taxonomic Classification (Papers I, II, III and Manuscript IV) 

Taxonomic classification was performed within all studies of this thesis. The 
study in paper I used a basic approach applying direct genomic mapping by 
Burrows-Wheeler aligner (BWA) combined with a BLAST-LCA (Li & 
Durbin, 2009). Although suitable on smaller datasets, larger datasets with a 
more complex virome are too technically challenging to analyse this way.   

3.6.1 Database for Viral Classification (Papers II, III and Manuscript IV) 

Paper II describes a software package for experimental planning, 
simulation, and analysis of metagenomic experiments. The software uses a 
curated viral database embedded with the k-mer based classification tool 
Kraken (Wood & Salzberg, 2014). The database was built from the refseq 
archaeal and bacterial database combined with the viral and phage divisions of 
the NCBI nt-database (Pruitt et al., 2005). The database represents all currently 
known and publicly available viruses and enabled Kraken to classify divergent 
strains of already existing viruses as well as already known viruses. To allow 
for detection of highly divergent viruses, this was coupled with an 
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implementation of Hmmer3 and FragGeneScan (FGS) software using a 
previously published database with hidden markov models (HMM) for protein 
viral families, vFam (Skewes-Cox et al., 2014; Rho et al., 2010). 

3.6.2 K-mer Based Classification of Sequence Reads (Papers II, III) 

Within the bioinformatic pipeline suggested in paper II, the k-mer based 
homology classifier Kraken was chosen as a tool for taxonomic classification. 
This was done based on both accuracy, in in silico simulated samples, and 
execution speed of the software. Kraken outperformed the other tools both in 
accuracy and execution speed and did so consistently when scaling up the 
experiments. It should be noted that the area of taxonomic sequence 
classification is rapidly developing and that several k-mer based tools were 
released during this thesis work. As such, there is no guarantee that Kraken 
would be the tool of choice in the coming six months, something that will be 
taken into consideration for the next version of the software. The methodology 
also suffers from its strict method for comparing query sequence towards the 
database; this might lead to false negatives because it misclassifies reads as 
unknown instead of assigning them to viral homologues.  

3.6.3 Hidden Markov Model Approach for Classification of Viral Reads 

The alternative approach, HMM detection of viral protein families based on 
Hmmer3, FGS and the vFam database, does not suffer from the same 
limitation. Instead, its broad classification scheme only allows classification at 
the protein family level. Profiles built upon sequence homology within viral 
proteins and applied for homology searches such as in Hmmer3/FGS/vFam are 
useful for detecting highly divergent viruses. Coupled with an exact method 
such as BLAST or Kraken, it should provide a comprehensive picture of the 
virome, as concluded by Skewes-Cox et al. (2014): 

 
When we compared the vFams to BLAST in real metagenomic datasets, the 
vFams demonstrated an improved detection accuracy when viruses in the dataset 
were more divergent or when the metagenomic reads acquired through 
massively parallel sequencing were derived from less conserved regions of the 
viral genome.  
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They further recommended: 
 

A straightforward implementation leveraging both search methods could entail 
1) a nucleotide BLAST search to a curated set of known non-viral genome 
sequences (including the host genome, if available) likely to appear in the 
metagenomic sequence data; 2) a BLAST search to a viral database to capture 
and taxonomically assign higher identity matches; and 3) a search of the vFams, 
extending the search space into more divergent territory. 

 
The final methodology proposed in paper II included the following 

implementation: Filtering of sequence reads towards the host genome, an 
improved Kraken database for detection of viral reads and an implementation 
of Hmmer3/FGS/vFam for detection of highly divergent viral reads. 

3.6.4 Taxonomic Analysis Performed on the Eukaryotic Virome in Healthy and 
Diarrhoeic Piglets (Paper III) 

The methodology from paper II was applied to the datasets generated for the 
study in paper III. Results in paper III were validated using Diamond, a 
BLAST homologue combined with the LCA approach in Megan. No notable 
differences were found between the Kraken/Hmmer3/FGS/vFAM 
classification and Diamond (Buchfink et al., 2015; Huson et al., 2007). Both 
methodologies, Kraken/Hmmer3/FGS/vFam and Diamond, also work 
independently of each other and independently of assembly, something that 
normally strains the standard methodology of BLAST/LCA. With the 
Kraken/Hmmer3/FGS/vFam methodology, the classification of large datasets 
is done within hours and smaller datasets can be handled even on a standard 
laptop. 

3.6.5 Taxonomic Classification of the Comparative Metagenomics Dataset 
(Manuscript IV) 

In manuscript IV, the classification tool was exchanged to Kaiju with the nr-
database (based on the non-redundant protein database at NCBI) released from 
University of Copenhagen (Menzel et al., 2016). Kaiju allows for classification 
at a protein homology level rather than Krakens nucleotide level. This partially 
remedies the problem with highly divergent viruses and provides greater 
accuracy in classification. Classification data for the HIMG datasets were 
acquired directly from the original publication, see Lim et al. (2015). 
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3.7 Comparative Metagenomics and Diversity Calculations 
(Manuscript IV) 

In study IV, a comparative metagenomics approach was applied to investigate 
the possible presence of a core virome within the gastrointestinal tract of pigs 
and humans. Classification data from four datasets were used: adult porcine 
material (PMG), adult human material (HMG), neonatal porcine material 
(PNMG) and neonatal human material (HIMG). Classification was performed 
at the viral family level and diversity data were calculated using vegan in R 
3.3.1 (Team, 2016).  

3.7.1 Public Datasets Used for Analysis and Comparative Studies (Manuscript 
IV) 

In study IV, three public datasets were compared with the healthy neonatal 
piglets investigated in paper III, abbreviated PNMG. These were: “An 
integrated catalogue of reference genes in the human gut microbiome” project 
(HMG) (PRJEB5224), “STL Infant Twins Microbiome” (HIMG) 
(PRJNA284162), and “A catalogue of the pig gut metagenome” (PMG) 
(PRJEB11755) (Lim et al., 2015; Li et al., 2014; Le Chatelier et al., 2013). See 
table 2 for full disclosure of datasets and their accession numbers. All data was 
retrieved from the NCBI short read archive (SRA). 

Table 2. Samples and accession numbers for the data used within study IV 

Dataset Study Biosample SRA Sample Key 

PNMG PRJEB11519 SAMEA3637942 ERS945091 A1 
  SAMEA3637943 ERS945092 A2 
  SAMEA3637945 ERS945094 B1 
  SAMEA3637946 ERS945095 B2 
  SAMEA3637948 ERS945097 C1 
  SAMEA3637949 ERS945098 C2 
  SAMEA3637951 ERS945100 D1 
  SAMEA3637952 ERS945101 D2 
  SAMEA3637954 ERS945103 E1 
  SAMEA3637955 ERS945104 E2 
  SAMEA3637957 ERS945106 F1 
  SAMEA3637958 ERS945107 F2 
  SAMEA3637960 ERS945109 G1 
  SAMEA3637961 ERS945110 G2 
  SAMEA3637963 ERS945112 H1 
  SAMEA3637964 ERS945113 H2 
  SAMEA3637966 ERS945115 I1 
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  SAMEA3637969 ERS945118 J1 
  SAMEA3637970 ERS945119 J2 
HIMG SRP058399 SAMN03659353 SRS938306 HIMG_1 
  SAMN03659353 SRS938306 HIMG_1 
  SAMN03659359 SRS938389 HIMG_2 
  SAMN03659359 SRS938389 HIMG_2 
  SAMN03659365 SRS938395 HIMG_3 
  SAMN03659365 SRS938395 HIMG_3 
  SAMN03659371 SRS938402 HIMG_4 
  SAMN03659371 SRS938402 HIMG_4 
  SAMN03659377 SRS938407 HIMG_5 
  SAMN03659377 SRS938407 HIMG_5 
  SAMN03659383 SRS938414 HIMG_6 
  SAMN03659389 SRS938421 HIMG_7 
  SAMN03659389 SRS938421 HIMG_7 
  SAMN03659395 SRS938426 HIMG_8 
  SAMN03659395 SRS938426 HIMG_8 
PMG PRJEB11755 SAMEA3663204 ERS970353 PMG_1 
  SAMEA3663203 ERS970352 PMG_2 
  SAMEA3663202 ERS970351 PMG_3 
  SAMEA3663201 ERS970350 PMG_4 
  SAMEA3663200 ERS970349 PMG_5 
  SAMEA3663199 ERS970348 PMG_6 
  SAMEA3663198 ERS970347 PMG_7 
  SAMEA3663197 ERS970346 PMG_8 
  SAMEA3663196 ERS970345 PMG_9 
  SAMEA3663195 ERS970344 PMG_10 
HMG PRJEB4336 SAMEA2153005 ERR321573 HMG_1 
  SAMEA2156032 ERR321574 HMG_2 
  SAMEA2146552 ERR321575 HMG_3 
  SAMEA2153852 ERR321576 HMG_4 
  SAMEA1965858 ERR321577 HMG_5 
  SAMEA2144396 ERR321578 HMG_6 
  SAMEA2151383 ERR321579 HMG_7 
  SAMEA2158769 ERR321580 HMG_8 
  SAMEA2156714 ERR321581 HMG_9 
    SAMEA2152591 ERR321582 HMG_10 

 
All datasets were published and publicly available at the time of analysis. 

Pigs from the PMG metagenome study were chosen depending on breed 
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((Landrace × Yorkshire) × Duroc) and geographical location (Denmark), as 
those factors are known to influence the microbiome. The piglets investigated 
in paper III were of similar breed and collected within the same geographical 
region, Scandinavia. The adult humans were selected to be from the Danish 
sub-group within the dataset, enabling a better geographical correlation to the 
pigs used in the study. Unfortunately, there were no neonatal human viromes 
available from the region at the time of the study. 

3.7.2 Estimations of Viral Diversity 

Diversity was measured as gamma diversity, i.e., total species diversity, for 
sample groups. This was performed within sample groups and within super 
groups, i.e., the whole population of neonates, adults or all samples. Beta 
diversity/similarity between samples and between groups of samples was 
estimated using a qualitative measurement of presence/absence calculated with 
Jaccard-index. Beta-diversity was calculated on curated data, removing 
samples with no viral reads detected. Based on beta-diversity, dissimilarity was 
calculated and used to produce dendrograms and to cluster samples and viral 
families within heat maps. All diversity indexes were calculated using the 
vegan package (Dixon, 2003). 

Heat maps were generated from curated data, removing viral families with 
less than 100 reads over the whole sample population and samples with no 
viral reads. Heat maps were produced using the heatmap.2 function in the 
gplots library in R 3.3.1 (Warnes et al., 2016).  Clustering was performed at 
sample and family level using the hclust function with unweighted pair group 
method with arithmetic mean. Heat maps and dendrograms for the virome 
composition were also calculated on a heavily curated dataset, increasing the 
family cutoff to 1000 viral reads per viral family, and thereby removing a large 
fraction of the outliers visible in the original data. This enabled a clearer 
picture of the eukaryotic core virome. 
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4 Results and Discussion 
The increasingly rapid evolution of our understanding of the virome and its 
role in disease and health is driven by technology and the accessibility of that 
technology. Even though the existence of the virome has long been known and 
partially understood, the full implications of its interaction with the host and 
the hosts' microorganisms have not been acknowledged. With the development 
of high-throughput sequencing during the human genome project and then the 
introduction of parallel sequencing platforms and second-generation 
sequencers, biologists started addressing questions about the microbiome and 
the virome component. As the technology advanced, so did the questions one 
could answer. Today microbiome studies have evolved even within the limited 
timespan of this thesis, with currently over in total 400 publications studying 
the whole or part of the virome. 

4.1 Methodological Evaluation of Sequence-Independent Single 
Primer Amplification (Paper I) 

As described in the introduction, initial enrichment of the virome is often 
performed before sequence analysis to decrease background DNA from other 
parts of the microbiome and the host. This process normally depletes the 
nucleic acid material to a level where normal sequencing library methodologies 
are inadequate. To prepare sequencing libraries, amplification of the depleted 
genomic material is therefore necessary.  

In paper I the SISPA methodology was investigated for amplification of a 
viral metagenomic sample. To enable a controlled study, a synthetic 
metagenome was constructed using four known viruses: ASFV, APMV-1, Ad2 
and AIV. Two samples from the synthetic metagenome were sequenced, one at 
1000× dilution with SISPA amplification and one unamplified. Sequencing 
was performed on the IonTorrent sequencing platform, at NGI in Uppsala. This 
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was followed by direct mapping of sequence reads towards reference genomes 
using BWA and metagenomics classification of sample content by 
BLAST/LCA (Li & Durbin, 2009). In both samples, all four viruses were 
detected. However, the number of reads identified as viral differed between the 
two samples, where the amplified sample consisted of twice as many viral 
reads. The reads were not, however, evenly spread over the viral genomes, 
where Ad2 accounted for ~99% of the classified viral reads in the amplified 
sample. This is in contrast to the unamplified sample where ~95% of the viral 
reads were classified as Ad2. In addition to this, the low abundant viruses had 
on average only half the coverage in the SISPA amplified samples compared to 
the unamplified. The change in average coverage seen between SISPA-
amplified and unamplified samples is due to the PCR approach of 
amplification inherent in SISPA, where the initial template of Ad2 is 
prominent in the reaction and thus gets amplified to a much larger extent. 
Looking closer at the retrieval of the Ad2 genome, it was directly evident that 
the SISPA amplification that did occur was not evenly distributed over the 
genome. The regions at the start and end of the genome were much more 
amplified than the more central regions, see figure 4. In paper I, SISPA was 
deemed to bias the sample by inducing sequence specific amplification and by 
favouring abundant targets for amplification. Although this was a clear 
methodological disadvantage, paper I concluded that SISPA did not prevent 
positive detection of viruses within the viral metagenome despite the bias.  

Figure 4. Genome coverage of Ad2 before and after amplification by SISPA. Modified from 
paper I, The effect of preprocessing by sequence-independent, single-primer amplification 
(SISPA) on metagenomic detection of viruses. 
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4.1.1 Implementation of an Improved SISPA Protocol 

The coverage bias noted in study I was investigated in a parallel study by 
Rosseel et al. (2013). They found that the tag-sequence induced areas of 
extreme amplification. This occurs when the tag-sequence and not the random 
primer binds to the template, i.e., when the amplification part has template 
specificity. To accommodate these known biases, we used the optimised 
protocol suggested by Rosseel et al. (2013) including an adaptation of the 
primers by adding longer stretches of random nucleotides (dodecamers instead 
of hexamers) and two optimised tag-sequences in paper III. Given the overall 
picture, and together with the results within papers I and paper III, SISPA 
provides a rapid and inexpensive way to amplify metagenomes. Even though 
this comes with a set of biases, the improvements made by Rosseel et al. 
(2013) — in combination with using an expanded synthetic metagenome as 
positive control — means SISPA can be used as a rapid methodology for 
amplifying metagenomes. In comparison to MDA, it does not favour circular 
genomes, which are often in high abundance in the gastrointestinal tract. The 
main bias is instead based on template abundance, which possibly favours 
pathogenic viruses in scenarios where an acute infection is present in the 
sampled metagenome. However, both SISPA and MDA limit the range of 
applications for viral metagenomics, as both of them are random amplifications 
that induce biases. This prevents them from being used in a quantitative setting 
and it complicates of whole viral genomes from the sequence data. Emerging 
methodologies such as the linear amplification for deep sequence and 
optimised linker amplified shotgun library might result in better suited 
methodologies for amplification in viral metagenomics, even though these are 
still untested in large-scale studies (Duhaime et al., 2012; Shankaranarayanan 
et al., 2012). 

4.2 Assessment and Compilation of Bioinformatic Tools (Paper 
II) 

Paper II describes the development of the software MetLab. MetLab 
encompasses three modules for design and analysis of viral metagenomics 
experiments. The first module enables support for designing experiments, 
providing the user with an estimated amount of sequencing for detection of 
viral species within a sample. The second module produces simulated data for 
viral metagenomic experiments, based on the user’s choice of sequencing 
methodology as well as species distribution of the sample. The third module is 
an analytical pipeline, providing the user with a predefined set of tools and a 
modular execution order for analysis of viral metagenomes.  
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Figure 5. Experimental design module of MetLab. User input consists of genome size and
expected lowest abundance of the species. Output consists of the confidence values based on
sequencing runs, i.e. number of runs needed to reach coverage of all included genomes. 

4.2.1 Experimental Design Module 

The first module was the experimental design module. Replication of 
experiments within metagenomics is complicated by several factors, 
experimental design being one of them. Tools enabling researchers to 
standardise the needed sequencing depth as well as choice of sequencing 
technology could be of great help for designing experiments. The 
implementation of Stevens theorem in the experimental design module allows 
the user to estimate the needed sequencing depth based on abundance of a 
species within the metagenome and genome size of the species (Wendl et al., 
2013). The experimental design module is shown in figure 5.  
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The module was built upon the work of Wendl et al. (2013), who 
formalized a generalisation of Steven’s theorem to cover a particular domain, 
e.g., a species, from a population of domains, e.g., a metagenome. In the 
experimental design module, this was used to estimate confidence values for 
different sequencing techniques to detect a species of abundance, α, in a dataset 
of size R×L, where L is read length and R number of reads. The graphical user 
interface (GUI) implementation was designed with simplicity in mind, 
allowing the user to only modify two variables, abundance of a species and 
size of the species genome. The software then calculates confidence values and 
present them as runs of sequencing on different platforms. 

4.2.2 Sequence Simulator 

The second module implemented the metamaker software. Metamaker takes 
previously produced sequencing data, analyses the errors introduced by the 
sequencing technology and the read length of the sequences. Then it 
extrapolates error profiles from the dataset, specific for the technology 
analysed. This is then applied as a model for simulating new datasets built on 
the same error profile as the test-data. The GUI seen in figure 6 enables the 
user to modify the simulation by variable species count (sample diversity), 
species distribution, species taxa and sequencing variables, e.g., sequencing 
technology, the use of mate pair sequencing data, and the insert size. The 
metamaker sequence simulator module can be used to produce simulated 
datasets for testing new software, benchmarking execution speed, e.g., running 
time of software or pipelines, and for estimating sequencing runs for the 
experimental design module. 
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Figure 6. Simulation module of MetLab. User input is limited to sequencing technology, number 
of species in the simulated metagenome, species taxa and distribution model, exponential or 
linear. 
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4.2.3 Analytical Pipeline 

The third module of MetLab is a customisable pipeline for analysis of 
metagenomes. This module enables the user to analyse small-to-moderate sized 
metagenomics datasets on a standard laptop. This is achieved by the use of a 
reduced database (removing redundancy) based on the archaeal and bacterial 
refseq databases as well as the viral and bacteriophage nt-database. The 
software can also run with an extended database on high-end computers. The 
GUI for the analysis module is shown in figure 7.  

Figure 7. Metagenome analysis pipeline of MetLab. Pipeline input is query
data, databases used for Kraken and Hmmer3/FGS/vFam. The analytical
pipeline is customisable allowing the users to exclude different parts of the
analysis. 
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The user can specify the host reference sequences, vFam parameters (if a 
customised vFam database is used), query reads, and Kraken database. All 
different parts of the module are customisable, enabling the user to skip or add 
assembly steps to the analysis as needed. Output from the module is presented 
as krona charts as well as tsv files for easy import into R and other statistical 
tools (Ondov et al., 2011). This is provided together with a log with execution 
statistics. Analytical pipelines tend to differ between labs and between studies. 
MetLab provides the research community with an easy to use standardised 
pipeline that can be replicated between labs for comparative studies. As studies 
of viromes become more commonplace, standardisation of both the designs 
and analysis will be needed for increased usability of the data. 

4.3 The Eukaryotic Virome of Diarrhoeic and Healthy Neonatal 
Piglets (Paper III) 

 
With the methodologies developed in papers I and II, a framework for 
investigating the virome was developed. This was implemented in paper III 
which investigated the presence of eukaryotic viruses within the intestinal 
microbiome of neonatal piglets. Sixty-nine piglets were investigated, 50 
suffering from new neonatal porcine diarrhoea and 19 healthy controls. The 
controls were sequenced individually and the diarrhoeic samples were 
sequenced in pools of five.  

After sequencing, samples were analysed using the methodology developed 
in Paper II, resulting in 32 datasets: 19 for the healthy controls, 10 for the pools 
with diseased piglets, one positive control, one process control, and one non 
template control. All three controls behaved according to expectations. An 
average of 220 Mb of data was generated per sample with a mean read length 
of 185 bases, on the IonProton platform at NGI in Uppsala.  

Viruses from eight different families known to infect mammals were 
detected in the whole sample group, by classification with Kraken, Diamond 
and Hmmer3/FGS/vFam. These virus families were Adenoviridae, 
Anelloviridae, Astroviridae, Caliciviridae, Circoviridae, Parvoviridae, 
Picornaviridae and Reoviridae. Additionally, retroviral sequences were 
retrieved from the samples as well as a number of unclassified viruses. There 
were no viruses exclusively associated with the diarrhoeic animals. The most 
common finding was Picornaviridae, predominantly Aichivirus C. Aichivirus 
C is commonly thought to be part of the normal virome of pigs. Even so, the 
transmission route has been suggested to be faecal-oral (Kitajima et al., 2011; 
Sdiri-Loulizi et al., 2010). The finding in Paper III, of Aichivirus C as early as 
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24 hours after birth might indicate direct infection at birth or transplacental 
transmission. The findings within paper III were in agreement with previous 
findings in older animals within the same field of study (Sachsenroder et al., 
2014; Lager et al., 2012; Shan et al., 2011). Interestingly, the average number 
of viral families was somewhat fewer in our samples than in those of previous 
studies. This could be due to the younger age of the animals or a difference in 
sample material, which was tissue in study III and faecal in the other studies. 
The low diversity of the eukaryotic viruses within the virome is also supported 
by the study on humans presented by Lim et al. (2015), where the virome 
diversifies over the first 24 months of life.  

No direct viral cause for the diarrhoeic syndrome was evident using 
metagenomics. Several viruses were present within hours of birth, representing 
a number of known enteric viruses. This indicates that the virome is established 
quickly, within hours of birth, and that its establishment is an individual 
process, even in herd living animals with large litters.   

4.4 Comparative Metagenomics Between Neonatal and Adult 
Viromes (Manuscript IV) 

In paper III, the viruses infecting eukaryotes were investigated as part of an 
ongoing search for the aetiological agent of neonatal porcine diarrhoea 
(Larsson, 2016). Within the porcine neonatal metagenome (PNMG) dataset, 
there were 19 healthy controls. Study IV built upon those data and combined it 
with three other datasets: two from humans, representing neonates (human 
infant metagenome, HIMG) and adults (human metagenome, HMG) and one 
from adult pigs (porcine metagenome, PMG). Study IV investigated 
similarities between neonatal and adult samples. This was performed both on 
porcine and human material. This was also investigated between the two 
species.  
     For study IV, the operational taxonomic units (OTU) were defined as viral 
families.  Reads from the four datasets were classified using Kaiju; reads 
unclassified at the family level were excluded. The diversity index was 
calculated as: alpha for local (within sample) diversity, beta for between 
sample diversity (similarity between tested), and gamma for total diversity 
(total OTU within sample groups, such that every OTU was unique and 
counted once). Samples were split into viruses infecting prokaryotes and those 
infecting eukaryotes, after which heat maps were generated. Samples were bi-
clustered based on beta-diversity, at the viral family and sample levels.  
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4.4.1 Prokaryotic Virome 

The prokaryotic virome of the four datasets is dominated by four families, 
Microviridae, Myoviridae, Podoviridae and Siphoviridae, as seen in figure 8. 
Notable was the lower presence of Microviridae within the porcine neonates 
compared with the other sample groups. Cluster analysis of the prokaryotic 
virome (Figure 9) also showed a clear group with the previously mentioned 
group of viral families as well as a secondary cluster containing 
Bicaudaviridae, Fuselloviridae, Inoviridae, and Lipothnixviridae. 
Corticoviridae clustering alone represented a single sample. 

Diversity in the prokaryotic virome did not appear to change much between 
neonatal and adult, with four families of viruses dominating. The gamma-
diversity for the adult samples was 9 and for the neonates, 7, see table 3. The 
combined Gamma for neonates turned out the same as for the adult samples, 
indicating presence of 9 different viruses combined in the two datasets, PNMG 
and HIMG. This might indicate that different viruses populate the human 
neonates compare to the porcine. This is also seen in beta-diversity, see figure 
8, where the neonates of porcine origin do not cluster with the neonates of 
human origin. Porcine neonates had fewer samples with Microviridae (10/19), 
compared to the human neonates (8/8). This might have been due to different 
sampling conditions, as faecal matter was sampled in the human samples and 
tissue in the pigs or it may reflect a genuine pattern in the establishment of the 
prokaryotic virome. However, adult samples did not show this dissimilarity. 
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Table 3. Gamma diversity for the prokaryotic virome 

Dataset Gamma 

PMG 9 
HMG 9 
PNMG 7 
HIMG 7 
PMG+HMG 9 
PNMG+HIMG 9 

4.4.2 Eukaryotic Virome 

The eukaryotic virome was considerably more diverse than the prokaryotic one 
and also showed a greater dissimilarity between neonates, and between the 
neonates and adults. The difference was greatest between the human neonates 
and the other datasets. The human and porcine neonates were born into 
considerably different environments so a difference in diversity was not 
unexpected. The eukaryotic viral diversity differs from the pattern seen in the 
prokaryotic viral diversity as HIMG have considerable less viral families 
present compared to the other three datasets. Notable is the difference between 
the PNMG dataset and the adult dataset that was considerably less than 
between the human neonates and the other datasets, as seen in figure 10 and 
11.  HIMG formed several small clusters within the analysis. PMG and HMG 
clustered together, indicating high similarity between the datasets (measured in 
diversity). PNMG clustered over several smaller clusters, forming three 
clusters and an outlier.  That PMG and HMG clustered together was 
interesting, as it could indicate that pigs might be used as models for 
gastrointestinal virome composition in addition too bacteriological (Pang et al., 
2007).
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Figure 11. Clustering based on Jaccard-index for the eukaryotic virome on samples level.  Notable is how the adult samples cluster together, indicating high 
similarity (similar diversity).  
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Another interesting finding was the low gamma diversity within the HIMG 
samples, see table 4. This might be due to several reasons. Viral diversity in the 
human neonates might be low due to differences in amplification methodology. 
This is however unlikely as they were amplified using two different methods. 
The lower diversity might also be a result of classification error, as the three 
other samples groups were classified using the Kaiju classification rather than 
the BLAST used by Lim et al. (2015). Finally, the sequence technology 
differed between datasets; the porcine neonates were sequenced with IonProton 
and the human neonates with Illumina. None of these explanations would 
account for all the differences seen in diversity. However, the method of 
delivery differed between the human neonates and the porcine neonates, where 
three out of four couple of twins were delivered by caesarean (Lim et al., 
2015). This is a known factor that will change the composition of the 
microbiome and might change the composition of the virome (Dominguez-
Bello et al., 2010). As mentioned before, differences in birth environment 
should also be considered, as the human neonates were born in a hospital 
whereas the porcine neonates are born in pig pens on a farm. The number of 
reads classified as Picornaviridae in the PNMG was also in stark contrast to 
the absence of such reads in the HIMG dataset. Detection of reads classified as 
Picornaviridae occurred in 28 out of 47 samples, ~60%, for the whole sample 
collection, but only in 3 out of the 18 human samples (including the neonates). 
However, viruses in the family Picornaviridae typically infect the 
gastrointestinal tract of pigs and finding them there in high prevalence was 
expected. 

Table 4. Gamma diversity for the eukaryotic virome 

Dataset Gamma 

PMG 53 
HMG 53 
PNMG 48 
HIMG 4 

4.4.3 The Virome 

When the combined eukaryotic and prokaryotic virome was analysed, the four 
sample groups formed distinctive clusters as seen in figure 12, only showing 
viral families with more than 1000 reads assigned. Adult samples clustered 
together, indicating high similarity, and neonates clustered in two separate 
clusters. It is interesting that the neonates were so different from each other, i.e. 
not clustering together, whereas the adults had a similar diversity. This might 
indicate that the initial virome composition of humans differs from that of pigs. 
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However, several factors should be taken into account: virome isolation 
(performed on neonatal pigs and not on adult pigs or humans), amplification 
strategy (two methods on neonatal humans, one on neonatal pigs and no 
amplification on adult samples), and sequencing technology (Illumina on 
humans, IonProton on neonatal pigs and Illumina on adult samples). Even 
though these factors confound a direct comparison, they hardly account for all 
the differences in similarity between the sample sets. The sample population is 
however too limited to draw firm conclusions. 
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Figure 13. Clustering based on Jaccard-index for the eukaryotic virome on viral family level.
Notable is the high similarity between the baseline of viruses, indicating a common presence
within the dataset. Five smaller cluster represent the outliers in the eukaryotic virome. 

Four families were identified as a core within the prokaryotic virome in pigs 
and humans: Microviridae, Myoviridae, Podoviridae and Siphoviridae. Even 
though Microviridae viruses were somewhat fewer in the neonatal pigs, 16/19, 
then in the HIMG, 8/8, similarity clustering indicates that Microviridae belong 
in the core group. Stern et al. (2012) found that: 

 
Our results suggest the existence of a non-negligible common reservoir of phages that 
is spread among unrelated individuals residing in distant geographical locations.  

 
Given the pattern suggested by Stern et al. (2012) in humans and the one 

observed within our study IV, it is possible that a common core of phages are 
shared between mammals. If this holds up under scrutiny in larger studies, it 
could enable a roadmap for manipulation of the microbiome and provide 
indicators for overall health of the animal. 
     The eukaryotic virome had no similar pattern of viral families present over 
all sample groups. However, the adult samples, HMG and PMG, shared several 
viral families. If total diversity is limited to only viral families where the total 
number of viral reads exceeds 1000, thereby removing outliers and low 
abundance viruses, the pattern changes, see figure 13. 
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Clustering of the eukaryotic virome, figure 13, now show a baseline of viral 
families with some viral families clustering alone or in small groups. Given the 
limited number of samples used, this pattern would have to be studied in a 
larger group of individuals before conclusive proof can be presented, but the 
pattern indicates that mammals of different species could be sharing a large 
portion of their eukaryotic virome.  

4.4.4 Implications of Difference in Similarity Between the Neonatal and Adult 
Viromes 

In study IV, a comparison was performed between the neonatal and adult 
viromes of two species. The preliminary results indicated that there is an in-
between-species similarity within the prokaryotic virome. Differences in the 
eukaryotic virome between neonates and adults was profound, but between 
adults there was a discernible similarity and several viral families were shared.  
Viral species are an important factor modulating the microbiome and therefore 
animal health. The prokaryotic virome reacts to antibiotic stressors, 
inflammatory states, diet changes and metabolic states such as obesity (Yang et 
al., 2016; Norman et al., 2015; Abeles & Pride, 2014; Allen et al., 2011). The 
eukaryotic virome has not been explored to the same degree, but it does 
provide immunogenic benefits to the host and possibly protection through 
superinfection exclusions (Beperet et al., 2014; Schaller et al., 2007).  
     If the results in study IV are reproducible in larger study groups and 
between other species, it would indicate not only a shared genetic ancestry but 
also a shared microbiome ancestry. Given the theory that the microbiome and 
the host evolved as a unit, the possibility of a shared core in the microbiome is 
not that different from our shared genetic similarities. If applied to medicine, 
this could mean a breakthrough for microbiome research, as crucial basic 
science for manipulating the microbiome could be performed in animals with 
high virome similarity and then extrapolated to humans. This could provide 
medical practitioners in all fields with a novel and powerful tool to battle the 
many metabolic and chronic inflammatory diseases associated with a disturbed 
microbiome as well as provide better tools for predicting outcome of phage-
therapy.
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5 Concluding Remarks and Future 
Perspectives 

Viral metagenomics provide an unprecedented ability to characterise the 
viromes in various host species. Within this thesis methodological assessment 
and development was performed to improve the ability to amplify samples 
before sequencing as well as analyse samples after sequencing. These 
methodologies were then applied on samples from neonatal piglets with 
diarrhoea of unknown aetiology to discern possible differences between 
healthy and sick neonates. Lastly, comparative viral metagenomics was 
performed on four datasets, two from neonates and two from adults of porcine 
and human origin. Diversity was compared between the datasets to discern 
possible similarity between neonates and adults as well as between the two 
species. 

 
In conclusion the results of this thesis were: 

 
 Sequence-independent, single-primer amplification can be used to amplify 

viral metagenomes before sequencing. The methodology does however 
introduce biases in the dataset, e.g. abundance change in the composition of 
the metagenome and uneven amplification of genomes within the sample. 

 An implementation of Stevens’s theorem was developed together with a 
sequencing simulation tool to provide researchers with reliable estimates on 
needed sequencing depth as well as in silico generated datasets for method 
assessment and development. 

 Two previously developed methodologies for taxonomic classification, 
Kraken and Hmmer3/FGS/vFam, were combined into an analytical pipeline 
for analysis of viral metagenomes. The implementation is quick, less 
computationally extensive than previous methodology and can be executed 
on a normal office computer. 



62 

 A complete analytical pipeline was developed for quality control, assembly, 
classification and visualisation of viral metagenomes. This pipeline was 
combined with the experimental design and dataset simulator into a 
comprehensive software for researchers working with viral metagenomics. 

 A possible aetiological background of neonatal porcine diarrhoea was 
investigated. There was no conclusive proof for a viral cause to the disease 
state in these particular cases.  

 Comparative metagenomics was employed on four datasets to discern 
changes between neonatal and adult viromes as well as possible similarities 
between pig and human viromes.  

 A core of bacteriophage families could be detected, showing high 
similarity between neonates as well as between species.  

 There was little similarity between neonates of human and porcine 
origin in the eukaryotic virome.  

 Higher diversity in adults was attributed to a higher diversity of 
eukaryotic viruses. Limiting the eukaryotic virome in adults to exclude 
outliers provided indications that a core virome can be found in adults of 
two different species. 

5.1 Future perspectives 

 
Viral metagenomics is providing crucial data for understanding viruses within 
the microbiome, the virome. Introduction of HTS has provided researchers 
with technological possibilities for characterisation of viruses by use of 
metagenomics. This also raises several points to be addressed in the future. 
 

 Virome isolation and enrichment should be developed to enable bias free, 
linear representation of viromes prior to sequencing.  

 Sequencing methodologies employed for characterisation of viromes should 
aim at single molecule sequencing with long reads. This would enable a 
more accurate classification of viral reads within a sample. Current single 
molecule sequencing technologies are also amplification free, providing a 
linear representation of the sample.  

 Experimental design for characterisation of viromes should aim at 
following best practise approach. This would include sequencing depth, 
metadata collection, replicates and controls. If employed properly, this 
would enable comparison of metagenomic datasets with greater confidence. 
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 Tools for analysis should be standardised to have a common point of 
reference attached to experiments as metadata. This would greatly improve 
datamining and use of big data methodologies in metagenomics. 

 A mammalian virome initiative should be considered. Given results within 
this thesis as well as in literature the virome of humans and other mammals 
could share considerable characteristics. If that is the case careful 
manipulation of the virome could lead to improved health and disease 
management.
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6 Populärvetenskaplig Sammanfattning 
Alla högre organismer, så som människor och djur, är koloniserade av ett 
komplext samhälle av mikroorganismer. Dessa mikroorganismer kallas med ett 
ord för mikrobiomet. Mikrobiomet innehåller tusentals organismer och är i 
konstant förändring. Det anpassar sig efter värdens hälsa och dess födointag 
likväl som efter invasion av skadliga mikroorganismer, infektioner. Till 
mikrobiomet räknas bakterier, parasiter, arkéer, virus samt de faktorer som 
påverkar dem.  

De virus som uppehåller sig inom mikrobiomet kallas med ett ord för 
viromet. Viromet påverkar både mikrobiomet och värddjuret. Detta sker både 
genom direkt påverkan, så som ett virus som infekterar värddjuret och genom 
indirekt verkan, som ett virus som infekterar en bakterie och därmed överför 
sjukdomsalstrande egenskaper till den bakterien. Viromet är därmed viktigt att 
studera då dess egenskaper kan vara avgörande för hälsa såväl som sjukdom.  

Tack vare det senaste årtiondets utveckling av sekvenseringsteknologin, den 
molekylärbiologiska metod med vilken man läser av arvsmassa hos 
organismer, kan forskare nu läsa arvsmassan i viromet, dessa dataset kallas 
metagenom. Med hjälp av den informationen kan man härleda vilka olika typer 
av virus som är närvarande i viromet och därmed få insikter i vilka egenskaper 
som ett djurs individuella virom har. För att genomföra detta måste man först 
isolera viromet, vilket sker genom att man reducerar närvaron av värddjurets 
och andra mikroorganismers arvsmassa. Detta sker genom filtrering, 
centrifugering och behandling med nukleas, ett enzym som bryter ner fri 
arvsmassa så att endast skyddad arvsmassa består. Det sista steget är möjligt då 
viruspartiklar är byggda med en skyddande kapsel, en så kallad virion, som 
skyddar virusets arvsmassa från att brytas ner av nukleasbehandlingen. Efter 
behandlingen återstår väldigt lite arvsmassa. För att man ska kunna sekvensera 
den måste man amplifiera arvsmassan, vilket sker genom två huvudtyper av 
metoder.  
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Efter amplifiering genomförs sekvensering och arvsmassan i provet läses 
av. Den resulterande datamängden uppgår ofta till flera gånger den mänskliga 
arvsmassan, motsvarande 3000 böcker med runt 600 sidor, och är otroligt 
komplex. På grund av komplexiteten måste man använda datorer för att 
kartlägga informationen inuti arvsmassan från viromet. Detta kallas för 
bioinformatik och är de metoder och program som hanterar biologisk 
information.  

I den här avhandlingen har både den molekylärbiologiska metodbiten och 
bioinformatiken utvärderats och förbättrats. Ett program har utvecklats för att 
analysera viromet och visualisera dess innehåll. Metoderna har sedan testats på 
två fall, ett fall där en möjlig virusinfektion undersöktes i smågrisar och ett fall 
där man studerade likheter mellan viromet i vuxna djur och späddjur hos 
människa och gris.  

I fallet med spädgrisarna hittades inte något virus som förklarade 
sjukdomstillståndet. Dock hittades ett antal tidigare kända virus utspridda i de 
individuella viromen. Tack vara data vid den här studien kunde man nu med 
säkerhet säga att virus inte orsakade sjukdomen hos smågrisarna. Detta 
föranledda till det sista fallet, där likheter mellan späddjur och vuxna djur 
jämfördes. För att göra jämförelsen använde man sig av tre grupper av data 
förutom det tidigare nämnda: humana spädbarn, vuxna grisar och vuxna 
människor. 
I det sista fallet hittade man gemensamma nämnare för viromet över samtliga 
grupper i den del av viromet som infekterar bakterier. Även i den del av 
viromet som infekterar värddjuren hittade man likheter, främst mellan vuxna 
individer av de två djurslagen. Studien ger en första inblick i hur två arter som 
lever och utvecklats tillsammans delar egenskaper i sitt virom. Om det här 
stämmer även vid större studier är det en framtida möjlighet för att modifiera 
viromet för ökad hälsa och välbefinnande bos både djur och människor. 
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