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Abstract 

Metagenomics based on high throughput sequencing (HTS) has opened a new era of 
discovery and genomic characterization of viruses associated with a given host or 
environment. The search for novel viral sequences provides an excellent opportunity to 
improve early detection of pathogens, and to predict viral hosts and environmental 
reservoirs before the occurrence of significant outbreaks. HTS-based studies of viruses are 
still challenging, especially in complex matrices, due to the high diversity of viruses, large 
fraction of unknown and yet to be discovered viruses and different properties of various 
sample matrices containing viruses. We used non-targeted metagenomics for virus 
discovery and diversity studies in complex sample matrices, addressing ecological, 
aetiological and biopharmaceutical perspectives of virome research.  

We evaluated the composition of wastewater virome by applying an optimized virus 
concentration method followed by HTS and infectivity assays. We focused on plant viruses 
and detected representatives of 47 plant virus species, including emerging crop threats. We 
also demonstrated infectivity for pathogenic and economically relevant plant viruses from 
the genus Tobamovirus (family Virgaviridae), with pepper mild mottle virus (PMMoV) 
and tobacco mild green mosaic virus (TMGMV) remaining infective even after conventional 
wastewater treatment. These results are exposing the risks associated with the spread of 
viruses from the waste into the wider ecosystem and with the uncontrolled use of reclaimed 
water for irrigation. At the same time, the results are showing that wastewater can be used 
for early detection and monitoring of plant viruses. 

We characterized the virome of signal crayfish (Pacifastacus leniusculus), an important 
freshwater invasive invertebrate species, and potential differences in viral composition and 
abundance along its invasion range. Study resulted in discovery of novel and divergent 
RNA viruses, including signal crayfish-associated reo-like, hepe-like, toti-like, and picorna-
like viruses, their phylogenetic relationships and potential association with observed 
pathologies. Additionally the results enabled a better understanding of the potential risk 
of virus transmissions because of this invader’s dispersal. 

In biopharmaceutical industry, viral contamination is one of the major concerns for 
biological products. We employed the developed metagenomics approaches to search for 
adventitious viruses in animal cell lines used in biopharmaceutical industry. Study of 
production and parental Chinese hamster ovary (CHO) cell lines of diverse origin did not 
indicate the presence of adventitious viral agents, however we detected an expected 
background of virus-like nucleic acids in the samples, which originate from remains of 
expression vectors, endogenized viral elements and residuals of bacteriophages. This study 
serves as a baseline for further investigations of CHO cell lines for adventitious viruses 
using HTS. 
 
 





 ix 

Povzetek 

Metagenomika, ki temelji na visokozmogljivem sekvenciranju (HTS), je omogočila novo 
obdobje odkrivanja in genomske karakterizacije virusov, povezanih z določenim gostiteljem 
ali okoljem. Iskanje novih virusnih sekvenc ponuja odlično priložnost za izboljšanje 
zgodnjega odkrivanja patogenov, za napovedovanje virusnih gostiteljev in okoljskih 
rezervoarjev pred pojavom pomembnih izbruhov bolezni. Študije virusov, ki temeljijo na 
HTS, so še vedno zahtevne, zlasti v kompleksnih matriksih, zaradi velike raznolikosti 
virusov, velikega deleža neznanih in še neodkritih virusov ter različnih lastnosti matriksov, 
ki vsebujejo viruse. Za odkrivanje virusov in študije raznolikosti v kompleksnih matriksih 
vzorcev smo uporabili netarčni metagenomski pristop, pri čemer smo obravnavali ekološke, 
etiološke in biofarmacevtske vidike raziskav viromov. 

Ocenili smo sestavo viroma odpadne vode z uporabo optimizirane metode za 
koncentriranje virusov, ki sta ji sledila HTS in testi infektivnosti. Osredotočili smo se na 
virom rastlinskih virusov in zaznali predstavnike 47 vrst rastlinskih virusov, vključno z 
porajajočimi se rastlinskimi patogeni. Dokazali smo tudi infektivnost za patogene in 
ekonomsko pomembne rastlinske viruse iz rodu Tobamovirus (družina Virgaviridae), ki 
ostanejo infektivni tudi po konvencionalnem čiščenju odpadne vode. Ti rezultati 
izpostavljajo tveganja, povezana s širjenjem virusov z odpadno vodo v širši ekosistem in 
nenadzorovano uporabo reciklirane vode za namakanje. Hkrati rezultati kažejo, da je 
odpadno vodo mogoče uporabiti za zgodnje odkrivanje in spremljanje rastlinskih virusov. 

Karakterizirali smo virom signalnega raka (Pacifastacus leniusculus), pomembne 
sladkovodne nevretenčarske invazivne vrste, vključno s potencialnimi razlikami v virusni 
sestavi in številčnosti vzdolž območja invazije. Študija je privedla do odkritja novih in 
divergentnih RNA virusov, vključno z reo, hepe, toti in picorna podobnimi virusi, 
povezanimi s signalnimi raki, njihovimi filogenetskimi odnosi in potencialno povezavo z 
opaženimi patologijami. Poleg tega so rezultati omogočili boljše razumevanje možnega 
tveganja za prenos virusa kot posledice širitve invazivne vrste. 

V biofarmacevtski industriji je virusna kontaminacija ena glavnih skrbi za varnost 
bioloških zdravil. Za iskanje naključno prisotnih virusov v živalskih celičnih linijah, ki se 
uporabljajo v biofarmacevtski industriji, smo uporabili metagenomski pristop. Analiza 
vzorcev produkcijskih in starševskih CHO celičnih linij raznolikega izvora ni pokazala 
prisotnosti naključno prisotnih virusnih povzročiteljev, vendar smo v vzorcih zaznali 
pričakovano ozadje virusom podobnih nukleinskih kislin, ki izvirajo iz ostankov 
ekspresijskih vektorjev, endogeniziranih virusnih elementov in ostankov bakteriofagov. Ta 
študija služi kot izhodišče za nadaljnje preiskave CHO celičnih linij za iskanje naključno 
prisotnih virusov z uporabo HTS. 
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Chapter 1 

1 Introduction 

1.1 High-Throughput Sequencing for Discovery of Viruses 

 
Viruses are the most abundant and likely the most diverse source of genetic material on 
Earth, infecting all cellular organisms and even other viruses (Zhang et al., 2018). We know 
less about viruses than any group of organisms, with likely only a fraction of one percent 
of all viruses characterized (Geoghegan & Holmes, 2017). 

The technology broadly referred to as next generation sequencing or high-throughput 
sequencing (HTS) uses various chemistries to obtain large amounts of data about the 
nucleic acid composition of a sample (Huang et al., 2019). It is possible to extract the total 
nucleic acids (either DNA or RNA, or both) from environmental samples, to prepare HTS 
libraries and finally to sequence these to identify all of the nucleic acids in the samples. 
Such an approach is also termed shotgun metagenomics, and it provides a relatively 
unbiased picture of the sequences of nucleic acids of the biological entities present in a 
sample. Due to high diversity of viruses and a lack of conserved gene among all viral 
species, discovery of novel or unexpected viral species, until recently, represented a 
complicated task. Consequently, shotgun metagenomics made a dramatic impact in the 
field of virology. Due to improvements of protocols, availability of HTS technologies and 
progress in bioinformatic analyses, it is now possible to explore all viruses associated with 
a given host or diverse environments (Zhang et al., 2018).  

New applications became possible and viral metagenomics became a central and 
fundamental way to interrogate the viral world in many research fields, including 
untargeted discovery of new viruses with new taxonomic classifications providing a deeper 
and broader understanding of their diversity, population and genetic structure 
characterization and virus epidemiology studies (Roux et al., 2021). The search for novel 
viral sequences provides an excellent opportunity to improve early detection of pathogens, 
and to predict viral hosts and environmental reservoirs before the occurrence of significant 
outbreaks (Grubaugh et al., 2019), allowing risk reduction strategies for spillover events 
and diminishing the severity of emerging outbreaks (Santos et al., 2021). 

Nevertheless, non-targeted metagenomics-based discovery and diversity studies of 
viruses are still challenging, especially in complex matrices, due to the high diversity of 
viruses, large fraction of unknown and yet to be discovered viruses and different properties 
of various sample matrices containing viruses.  
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1.1.1 High-throughput sequencing for detection of viruses in 

wastewater 

Across the many different environmental waters, most extensively in seawater (Coutinho 
et al., 2017; Suttle, 2016) but also in freshwater systems (De Cárcer et al., 2015), viruses 
have been shown to be the most abundant and diverse biological entities (Suttle, 2016). 
Viruses have important ecological roles in these waters, by influencing global biochemical 
cycling and the composition dynamics of the biological communities (Fuhrman, 1999; 
Gazitúa et al., 2021). Among the viral nucleic acids detected in aqueous ecosystems, also 
some belong to known human, animal and plant pathogens (Fong & Lipp, 2005; Mehle et 
al., 2018), raising concerns regarding the possibility of waterborne infections. 

The low concentration of virions in water samples makes them difficult to detect and 
requires the use of concentration methods during the sample preparation process. 
Ultrafiltration, polyethylene glycol precipitation, CsCl ultracentrifugation, skimmed milk 
flocculation, adsorption-elution methods and inclusion of a preamplification step within the 
library preparation are some of the options that can be used to increase the sensitivity of  
HTS when studying water viromes (Gutiérrez Aguirre et al., 2018; Hjelmsø et al., 2017; 
Rastrojo & Alcamí, 2017). 

HTS-based methods allow us to reveal a hidden diversity of viral species in aquatic 
environments (Nataša Mehle et al., 2018; Zinger et al., 2012) and have recently exposed 
the composition of viromes from different water environments, including wastewater 
(Adriaenssens et al., 2021; Alhamlan et al., 2013; Aw et al., 2014; Brien et al., 2017; Gulino 
et al., 2020) and sewage samples (Cantalupo et al., 2011; Fernandez-cassi et al., 2018; 
Hjelmsø et al., 2017; Martínez-Puchol et al., 2020). 

Wastewaters harbour a high diversity of viruses dominated by double-stranded DNA 
bacteriophages belonging to the order Caudovirales (Adriaenssens et al., 2021; Gulino et 
al., 2020). In the different stages of wastewater treatment plants (WWTPs), bacteriophages 
have been observed in concentration 10–1000 times higher than in natural aquatic 
environments, suggesting that wastewater is an important reservoir and source of 
bacteriophages (Parmar et al., 2018). Although not focusing on plant viruses, several 
studies primarily targeting phages or animal/human viruses have identified a range of 
known or novel plant viruses in wastewater and reclaimed water (Rosario, Nilsson, et al., 
2009). Additionally, a number of plant viruses have been found in raw sewage (Cantalupo 
et al., 2011; Martínez-Puchol et al., 2020) and human feces (Shkoporov et al., 2018; Zhang 
et al., 2006); e.g., pepper mild mottle virus (PMMoV) can survive the transit through the 
human digestive tract (Zhang et al., 2006) and has been proposed as an indicator for fecal 
pollution in water sources (Rosario, Symonds, et al., 2009). 

Many human viruses can be excreted in feces and urine (Xagoraraki & Brien, 2019), 
including enteric viruses (Wong et al., 2012) and respiratory viruses such as influenza 
(Heijnen & Medema, 2011) and coronaviruses (Jones et al., 2020). Therefore, wastewaters 
provide an insight into the diversity of viruses circulating in a given environment and 
reflect the infections that have been transmitted in the human population (Cantalupo et 
al., 2011; Xagoraraki & Brien, 2019). Wastewater-based epidemiology has the potential to 
predict critical locations and critical moments for viral disease onset (Xagoraraki & Brien, 
2019). This approach gained significant attention and development in the COVID-19 
epidemic worldwide (Daughton, 2020) representing an effective complementary tool for 
community-level infectious disease surveillance. In the frame of SARS-CoV-2 wastewater 
surveillance, HTS allows the identification of both known and novel mutations in the virus 
sequence and the definition of the relative abundance of individual virus variants in a 
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wastewater sample (Rios et al., 2021). Wastewater-based epidemiology approaches have 
previously not been applied for studies of plant pathogenic viruses.  
 

1.1.2 High-throughput sequencing for detection of invertebrate viruses 

 
Current knowledge of virus biodiversity is still biased and fragmentary, reflecting a focus 
on culturable or disease-causing agents (Junglen & Drosten, 2013; Shi et al., 2016a). 
Although invertebrates comprise the vast majority of the Metazoa (animals), knowledge of 
invertebrate viruses has been mostly limited to viral pathogens causing high mortalities 
and arboviruses (arthropod-borne viruses), which are vectored by arthropods and cause 
disease in human and other vertebrate species (Zhang et al., 2018). This view has started 
to change with metagenomics revealing remarkable levels of virus diversity in invertebrates 
(Chang et al., 2021; Li et al., 2015; Porter et al., 2019; Shi et al., 2016a; Wu et al., 2020), 
and, in this perspective, the detection of vertebrate disease-causing viruses became the 
exception rather than the rule (Zhang et al., 2018). By sampling a diverse range of 
invertebrate taxa (Shi et al., 2016a) and mining meta-transcriptomes (Chang et al., 2021), 
unprecedented levels of RNA virus genetic diversity have been revealed. In addition to 
revealing host viromes (Sadeghi et al., 2018), virus metagenomics provides insights into 
different aspects of virus evolution (Dolja & Koonin, 2018), including the role of 
invertebrates and their ecological interactions with other organisms in the evolution of 
RNA viruses (Chang et al., 2021).  

For understanding the diversity of invertebrate viruses, arthropods, including 
crustaceans, may be of particular importance because they account for over 80 % of the 
total animal diversity (Zhang, 2013), are globally abundant and often live in extremely 
large and dense populations (Dolja & Koonin, 2018). Most of the knowledge on crustacean 
pathogenic viruses comes from the study of viral diseases in aquaculture (Dragičević, 
Bielen, et al., 2020). For instance, white spot syndrome virus causes the white spot disease 
that has mostly been described due to its symptoms in aquaculturally relevant species such 
as Cherax quadricarinatus (Sánchez-Paz, 2010), although it displays a low degree of host 
specificity and is therefore also an important pathogen in crayfish populations in the wild 
(Longshaw, 2016). Although viruses are the least studied group of crayfish pathogens 
(Dragičević, Bielen, et al., 2020), increasing availability of HTS technologies and 
metagenomics approaches is resulting in studies expanding viral diversity associated with 
crustacean species (Shi et al., 2016a) and comprehensive descriptions of known and novel 
viruses (Bateman & Stentiford, 2017). For instance, this approach was recently employed 
to discover bunya-like brown spot virus, a new negative single stranded (ss) RNA virus 
belonging to the Phenuiviridae family that was associated with a massive disease outbreak 
in the population of the endangered white-clawed crayfish Austropotamobius pallipes 
(Grandjean et al., 2019). 

 
 

1.1.3 High-throughput sequencing for detection of adventitious viruses 

 
The World Health Organization (WHO) defines adventitious agents as microorganisms 
that may have been unintentionally introduced into the manufacturing process of a 
biological medicinal product (WHO, 2013). Viral contamination is a major concern for 
biological products as viruses are often more difficult to detect than other microbial 
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contaminants and human pathogenic viruses can potentially replicate in mammalian cell 
cultures used in the production of biologicals (Merten, 2002). One of the most important 
cell lines used in the production of biopharmaceuticals are Chinese hamster ovary (CHO) 
cells which offer several advantages, such as ease of manipulation and a proven safety 
profile of products from these cells in humans (Berting et al., 2010). While adventitious 
agents, potentially introduced via source materials, environmental factors, or cell 
substrates, are rare, they can have important public health consequences, including the 
potential to interrupt product supply (McClenahan & Krause, 2019). The utilization of the 
current combination of in vitro, in vivo, and polymerase chain reaction (PCR) assays for 
the identification of adventitious viruses has a limited range of detection and requires prior 
knowledge of potential contaminants (Barone et al., 2020; Brussel et al., 2019). HTS on 
the other hand is able to detect all types of nucleic acid sequences in a sample and much 
like in environmental studies shotgun metagenomics has great potential to broaden the 
ability to detect adventitious agents in biologics (Khan et al., 2018).  

Although currently recommended testing has a good record for demonstrating the 
absence of adventitious agents (Klug et al., 2017), HTS gained significant attention in the 
field of biologicals since a porcine circovirus 1 contamination has been detected in a licensed 
pediatric vaccine (Victoria et al., 2010) and a novel rhabdovirus has been discovered in the 
Sf9 insect cell line (Ma et al., 2014). These cases highlighted that the currently 
recommended adventitious virus detection assays, even with extensive testing, can fail to 
detect novel and even some known viruses (Khan et al., 2020). Therefore, HTS has been 
introduced as a supplemental test and an alternative method for adventitious virus testing 
(Brussel et al., 2019; Khan et al., 2018, 2020; McClenahan & Krause, 2019). 

Similar to other molecular methods, rigorous handling procedures need to be used for 
HTS to avoid unintended introduction of viral sequences through sample handling and 
reagents, and appropriate negative controls should be included (Khan et al., 2020). HTS 
can potentially identify inert viral sequences leading to unnecessary, lengthy, and resource-
consuming investigations, however in addition to nucleic acids detection, HTS of newly 
synthesized viral RNA has been used to demonstrate biological activity of the virus (Brussel 
et al., 2019; Cheval et al., 2019). 

Although much progress has been made in HTS applications for adventitious virus 
detection (Charlebois et al., 2020) and regulatory authorities are increasingly recognizing 
the potential of HTS for the detection of a broad range of viruses, some gaps and challenges 
still need to be addressed. For instance, since HTS is constantly evolving, there is a need 
for publicly available viral and infected-cell standards for evaluating the sensitivity and 
specificity of HTS for standardization and validation of the methodology, including the 
technical and bioinformatics steps (Cleveland et al., 2020). 
 

1.2 Scientific Problems and Aims of the Research 

The purpose of applying HTS to samples analyzed in the framework of this doctoral thesis 
was to describe viral communities, known as viromes, to evaluate the diversity of viruses 
in a sample/environment, discover known and unknown viruses, potentially unraveling the 
etiology of the disease and more specifically to use it as a tool in the assessment of 
adventitious virus absence in biologicals. 
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1.2.1 Wastewater virome and the release of infective plant viruses from 

wastewater into the environment 

HTS-based studies allow us to reveal the diversity of viral species in aquatic environments 
(Mehle et al., 2018) and have recently showed high diversity of viruses in wastewater 
samples, mostly focusing on the presence of bacteriophages and pathogenic human viruses 
in wastewater. However, as plants make up over 80 % of the biomass on Earth (Baron et 
al., 2018), plant viruses, shown to be able to infect plants through the water (Mehle et al., 
2014), represent an important, but often overlooked group of pathogens, significantly 
affecting ecosystems and agricultural production worldwide (Nicaise, 2014). Plant viruses 
were first shown to be present in environmental waters in considerable amounts 30 years 
ago (Koenig, 1986). Since then, many questions have been raised concerning their survival, 
origin and spread by water, especially in the light of increased irrigation and use of 
hydroponic systems in agriculture (Mehle & Ravnikar, 2012). A number of plant viruses 
have been found in human feces and wastewater samples; e.g.PMMoV, which can survive 
the transit through the human digestive tract (Zhang et al., 2006) and is released into 
wastewater after the consumption of pepper products (Symonds et al., 2019). Therefore, 
plant viruses can potentially circulate between urban environment and croplands: from 
infected plants, through human and animal consumption and excreta, to wastewater, from 
where they could be transmitted back to plants through, e.g., irrigation with reclaimed 
wastewater. Metagenomic approaches can reveal a spectrum of viral nucleic acids in water 
samples; however, confirming the infectivity of the pathogenic viruses discovered through 
sequencing analysis is essential to assess the relevance of such findings. Although infectious 
plant viruses have been isolated from various types of water (e.g., rivers, ponds, irrigation 
and drainage canals) in different locations worldwide (Jeżewska et al., 2018; Koenig, 1986; 
Mehle et al., 2018), their survival and direct transmission through water is still largely 
unknown. 

The first aim of this doctoral thesis was to evaluate the composition of wastewater 
virome with the focus on the presence of plant viruses. To address this aim, we studied the 
presence of plant viruses in influent and effluent of a WWTP, coupling different approaches 
of convective interaction media (CIM) monolithic chromatography concentration and HTS-
based shotgun metagenomics. 

Our second aim was to confirm the infectivity of plant viruses in wastewater influents 
and effluents to identify the potential of wastewater as a reservoir and transmission source 
for infective plant viruses. To address this aim, we mechanically inoculated test plants with 
concentrated influents and effluents, followed by sampling of leaves for further confirmation 
of virus infections, including the sequencing of small RNAs. 

 

1.2.2 Signal crayfish (Pacifastacus leniusculus) virome along its 

invasion range 

Viruses are the least studied group of crayfish pathogens (Dragičević, Bielen, et al., 2020), 
and relatively few have been formally characterized and classified (Bateman & Stentiford, 
2017), despite their large potential impact on aquaculture and populations in the wild. 
Crayfish are keystone species of freshwater ecosystems and successful invasive species. 
Invasive crayfish species have often rapidly expanded their range and exerted a high 
number of documented negative impacts (Lodge et al., 2012; Twardochleb et al., 2013). 
They have a high potential for introducing and spreading of the emerging diseases and 
their pathogens have been identified as one of the most prominent factors contributing to 
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native species population declines (Crowl et al., 2008; Van der Veer & Nentwig, 2015). As 
the most successful crayfish invader and possible vector for infectious agents, signal 
crayfish (Pacifastacus leniusculus) is among the major drivers of the native crayfish species 
decline in Europe.  

We have investigated the signal crayfish population in a recently invaded Korana river, 
Croatia, where signal crayfish range expansion is well monitored (Dragičević, Faller, et al., 
2020; Hudina et al., 2013, 2017) and occurs in both upstream and downstream directions 
(Dragičević, Faller, et al., 2020). Host population density, with increased contact rates 
among individuals at highly dense populations, is an important factor affecting rates of 
virus transmission (Anderson & May, 1982; Costa et al., 2021). Recently established 
populations at invasion fronts have 6-11 times lower crayfish abundance in comparison to 
longer established populations in invasion cores, and also contain a co-occurring native 
congener (narrow-clawed crayfish, Pontastacus leptodactylus) (Dragičević, Faller, et al., 
2020). Acute necrotizing hepatopancreatitis was recorded recently along the whole invasion 
range of the signal crayfish in the Korana River and is currently classified as idiopathic 
(Bekavac et al., 2022).  

The third aim of this doctoral thesis was to characterize the virome of an important 
invasive invertebrate species to identify putative viral sequences in the signal crayfish 
hepatopancreas, describe the phylogenetic relationships of the novel signal crayfish-
associated viruses and investigate their potential involvement in the observed necrotizing 
hepatopancreatitis. The signal crayfish individuals were sampled at four locations along its 
invasion range, including upstream and downstream invasion cores and invasion fronts. 
Signal crayfish samples were pooled by location and sequenced. We focused our 
bioinformatics analysis on the presence of viral sequences and subsequent characterization 
of viral genomes.  

Our fourth aim was to elucidate the potential differences in viral composition and 
abundance of viral sequences along signal crayfish invasion range in the river. To address 
this aim we compared the patterns of reads abundance at different locations and calculated 
nucleotide diversities of the detected viral sequences along the invasion range. Potential 
differences and possible influence of different factors and processes on signal crayfish virome 
composition along its invasion range were discussed. 

1.2.3 Metagenomic characterization of parental and production CHO 

cell lines for detection of adventitious viruses 

Apart from detection of viruses in environmental samples and understudied hosts, HTS-
based methods can also be used to detect the presence or confirm the absence of viruses 
in, e.g., final products or production cell lines, where viral contamination is a big concern. 
The need for advanced virus detection technologies is increasingly recognized for 
adventitious virus detection in biological products, where virus testing of raw materials 
and cells is essential for the safety of the final product (Khan et al., 2018). CHO cells are 
the most commonly used host cells by the recombinant-biologic industry, with published 
reports indicating that approximately 70 % of approved biological products are 
manufactured using CHO cells (Barone et al., 2020; Berting et al., 2010). As a consequence 
CHO cell lines have the highest occurrence of reported virus contaminations compared with 
other mammalian cell lines (Barone et al., 2020). HTS can potentially identify inert viral 
sequences leading to unnecessary analysis, therefore studies providing understanding of 
background of virus-like nucleic acids in CHO cell lines and their origin represent a 
necessary baseline for future investigations. 
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The fifth aim of this doctoral thesis was to characterize viral metagenome of selected 
production and parental CHO cell lines. To address this aim we tested different sample 
preparation approaches, where total RNA extracted from cells and nucleic acids isolated 
from either non-treated, ultra-centrifuged or filtrated growth media were used as inputs 
for HTS, followed by metagenomic analysis to search for adventitious virus sequences, 
including the overlapping virus-like sequences between parental and corresponding 
production cell line. 
 

1.3 Research Hypotheses 

1.1 High diversity and abundance of plant viruses is present in WWTP influents 
and effluents. 
1.2 Wastewater contains infective plant viruses, which remain infective after 
conventional wastewater treatment. 

 
2.1 Novel viral sequences are present in signal crayfish hepatopancreas tissue with 
potential involvement of specific virus in the observed necrotizing 
hepatopancreatitis. 
2.2 Differences in diversity and abundance of novel signal crayfish-associated viral 
sequences can be observed along the signal crayfish invasion range. 

 
3.1 Adventitious viruses and/or virus-like nucleic acids are present in production 
and parental CHO cell lines of diverse origin. 

 

1.4 Publications Included and Candidate’s Contributions 

The focus of our first paper (Viromics and infectivity analysis reveal the release of infective 
plant viruses from wastewater into the environment) was to study the presence, diversity 
and infectivity of plant viruses in wastewater influents and effluents. We detected 
representatives of 11 families of plant pathogenic ssRNA viruses, including emerging crop 
threats and demonstrated infectivity for pathogenic and economically relevant plant viruses 
from the genus Tobamovirus (family Virgaviridae). The PhD candidate performed the 
majority of lab experiments and conducted bioinformatics analysis of sequencing data. She 
also wrote the first draft of the manuscript. 

In our second paper (Virome analysis of signal crayfish (Pacifastacus leniusculus) along 
its invasion range reveals diverse and divergent RNA viruses), we studied the virome of 
the signal crayfish, an important freshwater invasive invertebrate species, and potential 
differences in viral composition and abundance along its invasion range. Study resulted in 
the discovery of novel RNA viruses, including signal crayfish-associated reo-like, hepe-like, 
toti-like, and picorna-like viruses. We discussed the potential association with observed 
pathologies and possible influences of different factors and processes on signal crayfish 
virome composition along the invasion range, e.g., the differences in signal crayfish 
population density. The PhD candidate performed bioinformatics analysis to identify 
putative viral sequences, characterize novel viral genomes and their phylogenetic 
relationships. She also wrote the first draft of the manuscript. 

The third paper (Metagenomic characterization of parental and production CHO cell 
lines for detection of adventitious viruses) describes the metagenomics investigation of one 
production and three parental CHO cell lines for the presence of adventitious viral agents. 



8 Chapter 1. Introduction  

The study did not indicate the presence of adventitious viral agents; however, it revealed 
an expected background of virus-like nucleic acids in the samples, which originate from the 
remains of expression vectors, endogenized viral elements and residuals of bacteriophages. 
The PhD candidate performed bioinformatics analysis to identify virus-like sequences in 
production and parental cell lines and wrote the first draft of the manuscript. 
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2 Scientific Publications  

2.1 Viromics and Infectivity Analysis Reveal the Release of 

Infective Plant Viruses from Wastewater into the 

Environment 

Katarina Bačnik, Denis Kutnjak, Anja Pecman, Nataša Mehle, Magda Tušek Žnidarič, Ion 

Gutiérrez Aguirre, Maja Ravnikar  

Water research, 2020, 177 (2020), 115628, https://doi.org/10.1016/j.watres.2020.115628      
 

In this publication, we applied an optimized virus concentration method followed by HTS 
and infectivity assays to determine the abundance, diversity and biological relevance of 
plant viruses in wastewater influents and effluents. We detected representatives of 47 plant 
virus species, including emerging crop threats. We also demonstrated infectivity for 
pathogenic and economically relevant plant viruses from the genus Tobamovirus (family 
Virgaviridae), which remain infective even after conventional wastewater treatment. These 
results demonstrate the potential of metagenomics to capture the diversity of plant viruses 
circulating in the environment and expose the potential risk of the uncontrolled use of 
reclaimed water for irrigation. 

The PhD candidate performed the concentration of wastewater samples, isolation of 
nucleic acids followed by reverse-transcription real-time polymerase chain reaction (RT-
qPCR) analyses for targeted detection of viruses and HTS analysis. Further, she performed 
the mechanical inoculation of test plants followed by systematic sampling of leaves, 
isolation of nucleic acids, RT-qPCR analyses, transmission electronic microscopy (TEM) 
and HTS for virome analysis. She performed bioinformatics analyses of the obtained 
sequencing reads from wastewater samples and plant material samples including 
comparison of the data obtained using different concentration methods. She also wrote the 
first draft of the manuscript. 

 
 
 
 
 

  

https://doi.org/10.1016/j.watres.2020.115628
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2.2 Virome Analysis of Signal Crayfish (Pacifastacus 

leniusculus) Along Its Invasion Range Reveals Diverse 

and Divergent RNA Viruses 

Katarina Bačnik, Denis Kutnjak, Silvija Černi, Ana Bielen, Sandra Hudina 

Viruses, 2021, 13(11), 2259; https://doi.org/10.3390/v13112259 
 
 
 

In this publication we used HTS of ribosomal RNA-depleted total RNA isolated from the 
crayfish hepatopancreas and subsequent sequence data analysis to identify novel and 
divergent RNA viruses, including signal crayfish-associated reo-like, hepe-like, toti-like, and 
picorna-like viruses, phylogenetically related to viruses previously associated with 
crustacean hosts. The patterns of reads abundance and calculated nucleotide diversities of 
the detected viral sequences varied along the invasion range. This could indicate the 
possible influences of different factors and processes on signal crayfish virome composition: 
e.g., the differences in signal crayfish population density, the non-random dispersal of host 
individuals from the core to the invasion fronts, and the transfer of viruses from the native 
co-occurring and phylogenetically related crayfish species. The study reveals a high, 
previously undiscovered diversity of divergent RNA viruses associated with signal crayfish, 
and sets foundations for understanding the potential risk of virus transmissions as a result 
of this invader’s dispersal. 

The PhD candidate performed bioinformatics analysis to identify putative viral 
sequences, and to characterize viral genomes of novel and divergent RNA viruses. She 
performed phylogenetic analyses of RNA-dependent RNA polymerase (RdRp) sequences, 
determined the nucleotide diversities of populations of selected signal crayfish-associated 
viruses and designed RT-PCR primer pairs to confirm their presence in the samples. She 
also wrote the first draft of the manuscript. 

 
 
 
 
 
 
 
 
 
 
 

  

https://doi.org/10.3390/v13112259
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2.3 Metagenomic Characterization of Parental and 

Production CHO Cell Lines for Detection of 

Adventitious Viruses 

Katarina Bačnik, Denis Kutnjak, Barbara Jerič Kokelj, Nika Tuta, Tan Lončar, Matjaž 
Vogelsang, Maja Ravnikar 

 
Biologicals, 2021, 69, 70-75, https://doi.org/10.1016/j.biologicals.2020.11.001.  
 

In this publication, we used HTS to detect virus-like sequences in selected CHO cell lines. 
Our aim was to test various approaches of sample preparation to establish a pipeline for 
metagenomic analysis and to characterize standard viral metagenome of production and 
parental CHO cell lines. The comparison of the metagenomics composition of the differently 
prepared samples showed that among four tested approaches sequencing of ribosomal RNA-
depleted total RNA is the most promising approach. The metagenomics investigation of 
one production and three parental CHO cell lines of diverse origin did not indicate the 
presence of adventitious viral agents in the investigated samples. The study revealed an 
expected background of virus-like nucleic acids in the samples, which originate from 
remains of expression vectors, endogenized viral elements and residuals of bacteriophages. 
Obtained results are showing the importance of knowing the range and source of 
background signal in studies of virus detection and serve as a baseline for future 
investigations of CHO cell lines for adventitious viruses using HTS. 

The PhD candidate analyzed the HTS data for production and parental CHO cell lines, 
including the comparison of virus-like reads detected in the differently prepared samples 
and detailed analysis of virus-like sequences and their possible origin. She also wrote the 
first draft of the manuscript. 
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Chapter 3 

3 Discussion 

3.1 Plant Viruses in Wastewater 

 
In our first publication, we explored the diversity of viruses in wastewater, focusing on 
economically relevant ssRNA plant viruses and their biological significance in wastewater. 

The composition of whole metagenomes supported the previously observed biological 
complexity of wastewater samples (Alhamlan et al., 2013; Gulino et al., 2020). Low amount 
of viral nucleic acids in contrast to the background ones was observed in non-concentrated 
wastewater samples, where prokaryotic sequences were most abundant. However, the 
percentage of viral reads increased in CIM concentrated samples, using either step gradient 
elution concentration approach or linear gradient elution concentration approach. 

By analyzing metagenomes of the 12 wastewater samples we detected members of 56 
different viral families, including those with double-stranded (ds)DNA, single-stranded 
(ss)DNA, dsRNA and ssRNA genomes. Examination of wastewater samples by 
transmission electron microscopy (TEM) also revealed a diversity of virion morphologies 
with filamentous viral particles and phage-like virions. Detection of sequences of human 
pathogenic viruses (members of the Caliciviridae, Picornaviridae, Reoviridae, Hepeviridae, 
Polyomaviridae families) was consistent with known viral species typically found in 
wastewater (Fernandez-cassi et al., 2018).  

In this publication, we describe the presence of members of 11 families of plant 
pathogenic ssRNA viruses. The most commonly found viruses recovered before and after 
wastewater treatment belonged to the Tobamovirus genus most abundantly represented by 
sequences of PMMoV, tobacco mild green mosaic virus (TMGMV), tomato mosaic virus 
(ToMV) and cucumber green mottle mosaic virus (CGMMV). Tobamoviruses, known to 
have extremely stable virions (Rosario, Nilsson, et al., 2009), are considered a major risk 
to a range of agriculturally important plant species belonging to the Solanaceae, 
Cucurbitaceae and other plant families. Their sequences were previously detected in 
different environmental waters including ballast water (Kim et al., 2015), irrigation systems 
(Boben et al., 2007), drinking water (Haramoto et al., 2013) and raw and urban sewage 
(Cantalupo et al., 2011; Fernandez-cassi et al., 2018). We also detected sequences of tomato 
brown rugose fruit virus (ToBRFV), which has not been confirmed in Slovenia at the time 
of analysis and is an emerging tobamovirus that has brought concern to plant health 
authorities worldwide. The presence of sequences of different plant pathogenic viruses, 
described in detail in Publication 2.1, shows that the combination of efficient virus 
concentration and metagenomics used in this study is applicable for searching of new 
emerging viruses in new areas.  
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We observed a higher fraction of viral reads in both step/linear gradient 
chromatographically concentrated influent and effluent samples compared to non-
concentrated ones. The enrichment for viral sequences was most noticeable in the middle 
linear gradient fractions at the peak of absorbance according to RT-qPCR analysis for 
selected tobamoviruses (CGMMV and PMMoV) and contained the highest number of reads 
belonging to tobamoviruses. Both concentration approaches (step and linear) allowed us 
to focus on the diversity of ssRNA viruses, with the linear gradient having the potential to 
study specific viral groups, namely tobamoviruses, in more detail. 

Infectivity tests with non-concentrated wastewater samples used for inoculation did not 
result in test plant infection. Therefore, the ability of the CIM chromatographic sample 
preparation step to increase viral concentration by several orders of magnitude (Steyer et 
al., 2015) and at the same time to remove impurities present in the sample (Rupar et al., 
2013) likely contributed to the success of infectivity tests. In test plants inoculated with 
concentrated influent sample and using small RNA sequencing that enables generic 
detection of RNA and DNA viruses and is widely used in plant virus discovery (Pecman 
et al., 2017), we were able to detect two infective tobamoviruses: PMMoV and ToMV. To 
assess the effect of the wastewater treatment on plant virus infectivity, we also inoculated 
test plants with the concentrated effluent of the WWTP, which is released directly into 
the river. Test plants again showed disease symptoms with reduction of the size of the 
plant, curling and mosaic, which were linked with PMMoV and TMGMV infection using 
small RNA sequencing. All of the influent and effluent fractions that successfully infected 
test plants contained a high number of reads of the detected infective viruses. Before our 
study, infectivity of plant viruses was never studied in influents and effluents of WWTP, 
even though using reclaimed wastewater for irrigation purposes is becoming a widespread 
practice (Pedrero et al., 2010). 

These results implicate the flux of infective pathogenic plant viruses from anthropogenic 
environments into environmental waters. Wastewater-derived viral genetic material is 
commonly deposited in the environment (Adriaenssens et al., 2021), therefore the release 
of infective plant viruses into environment through wastewater might have consequences 
in rapid transmission of pathogenic viruses to new areas, which cannot be reached by other 
vectors. Wastewaters metagenomics can provide a comprehensive view into the presence 
and abundance of plant viruses, possibly reflecting the diversity of local plants as well as 
the plants consumed by local residents and animals (Ng et al., 2012). Wastewater-based 
epidemiology has the potential to predict critical locations for viral disease onset 
(Xagoraraki & Brien, 2019) and monitoring viral epidemics (Kitajima et al., 2020), 
therefore it could be applied also to predict and prevent plant viral disease outbreaks.  

 

3.2 Viruses of Invasive Signal Crayfish 

 
In the first study, we used shotgun metagenomics to address the understudied presence of 
plant viruses in water samples, while in the second study we applied this method to search 
for new viruses in an aquatic host, which has not yet been studied for the presence of 
viruses. Our second publication reports the presence of novel and divergent RNA viruses 
detected by HTS of RNA isolated from the invasive signal crayfish hepatopancreas, tissue 
most often associated with viral infections in crayfish (Dragičević, Bielen, et al., 2020).  

By metagenomics analysis of signal crayfish sampled at four locations along its invasion 
range, including upstream and downstream invasion cores and invasion fronts, only a small 
fraction of reads was classified as viral sequences, using reads-based protein similarity 
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searches. Analysis of reads and de novo assembled contigs showed the presence of diverse 
virus-like sequences most similar to different unclassified RNA viruses. Small fraction of 
viral reads and dominance of previously unknown RNA viruses in aquatic arthropod hosts 
samples is in line with previous studies (Chang et al., 2021; Shi et al., 2016b; Wolf et al., 
2020). Many of the virus-like sequences identified in this study were having highest 
identities with unclassified RNA viruses discovered as part of a large-scale metagenomics 
study of invertebrate viromes (Shi et al., 2016b), where similarities with viruses described 
in different crustacean hosts were also observed. 

Sequences belonging to potential invertebrate viruses exhibited relatively low levels of 
similarity to known viral sequences. Based on the presence of RdRp domain and contig 
length we selected four distinct viral contigs for further analyses described in detail in 
Publication 2.2, including their genome organization and phylogenetic relationships. 
Selected viral sequences represent signal crayfish associated reo-like virus 1, hepe-like virus 
1, toti-like virus 1 and picorna-like virus 1. High average read coverage values were obtained 
for these viral sequences and they were showing similarities to viruses previously described 
in crustacean hosts, suggesting that it is likely they were infecting signal crayfish rather 
than being associated with the environment or co-infecting microorganisms. Their presence 
in analyzed samples was confirmed by RT-PCR.  

In our study, signal crayfish-associated reo-like virus 1 had the highest average read 
coverage in all samples. Using blastx we observed distant similarity to RdRp sequence of 
Cherax quadricarinatus reovirus, which was recently associated with hepatopancreatic 
samples of redclaw crayfish (Cherax quadricarinatus) (Hayakijkosol et al., 2021) and causes 
necrosis of hepatopancreocytes and inflammatory cells in hepatopancreatic tubules 
(Hayakijkosol & Owens, 2011). Noteworthy, we have recorded a similar condition, the 
acute necrotizing hepatopancreatitis, along the whole invasion range of the signal crayfish 
in the Korana river, which is currently classified as idiopathic (Bekavac et al., 2022). Thus, 
further studies would be needed to associate individual crayfish samples of a known health 
status with the presence of signal crayfish-associated reo-like virus 1 as a potential causative 
agent of this disease. 

Secondly, by comparing different sampling locations we have noticed that the number 
of distinct viral sequences and reads corresponding to these sequences varied between the 
sampling locations. These differences might be a consequence of different factors and 
processes, however based on our results we can speculate that particularly differences in 
signal crayfish population density and co-occurrence with the native and phylogenetically 
related crayfish species could influence the abundance of viral sequences. When comparing 
the two upstream and two downstream samples, the ones at invasion cores had higher 
numbers of virus-like reads detected. At the same time, higher crayfish abundances were 
observed at invasion cores. In terms of abundance of viral sequences and distinct viral 
contigs the upstream front location was most different from other locations, where again 
the correlation between the lowest number of viral sequences and lowest signal crayfish 
abundance, which probably resulted in lower encounter rates between individuals, was 
observed. Despite the lower total number of virus-like reads in upstream front sample, the 
highest number of distinct putative virus-like contigs similar to unclassified RNA viruses 
was found here. According to previous research (Gay et al., 2014; Lindenfors et al., 2007; 
Webber et al., 2017), a decrease in viral diversification is expected in less dense groups, 
such as invasion fronts. In contrast, we observed the highest number of distinct viral contigs 
in upstream-front location. However, at invasion fronts also the population of native P. 
leptodactylus is present with higher abundances than the signal crayfish (Dragičević, Faller, 
et al., 2020), potentially contributing to inter-specific transmission of viruses.  

For the three viruses, which were present at all four locations with relatively high 
average read coverage, we determined the diversities of their populations by calculating 
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average nucleotide diversities. Since we analyzed composite hepatopancreas samples 
without the information about the number of infected individual, nucleotide diversity 
might help us understand transmission dynamics of analyzed viruses. For instance, higher 
nucleotide diversity might indicate higher prevalence of a particular virus. After calculating 
nucleotide diversities, we observed two contrasting patterns. For signal crayfish-associated 
reo-like virus 1, the nucleotide diversity was lower at the invasion fronts, while for signal 
crayfish-associated hepe-like virus 1 and toti-like virus 1, the nucleotide diversity was 
higher at the invasion fronts. These differences might be a consequence of different factors 
and processes; however, based on our results we can postulate hypotheses to explain the 
observed patterns in connection to ecological conditions at different sample sites. Higher 
nucleotide diversity of reo-like virus at core sites might suggest the transmission of virus 
from longer established core populations with high signal crayfish abundance to recently 
established front populations of low signal crayfish abundance. Signal crayfish-associated 
reo-like virus 1 might be an endemic virus of signal crayfish, introduced to the new habitat 
along with its host. On the contrary, higher nucleotide diversity of signal crayfish-
associated toti-like virus 1 and hepe-like virus 1 in samples from invasion fronts could 
potentially reflect the introduction of these viruses from other host populations (e.g., from 
native P. leptodactylus with higher density at the fronts) to populations of low signal 
crayfish abundance at invasion fronts. At invasion cores, the signal crayfish have displaced 
the native host, which would, under the proposed scenario, explain the decrease of 
nucleotide diversity for signal crayfish-associated toti-like virus 1 and hepe-like virus 1. 
Such host associations should be further investigated and additional analysis of individual 
samples would be needed to advance the understanding and test the postulated hypotheses.  

 

3.3 Virus-Like Sequences in Samples from 

Biopharmaceutical Industry 

In previous studies we used shotgun sequencing to explore hidden viral diversity in 
relatively understudied environmental samples, however analogous methodology can be 
applied to characterize matrices that are well studied, but their purity and absence of 
viruses is of great importance. In the third publication, we characterized standard viral 
metagenome of selected production and parental CHO cell lines. 

In the first experiment, we tested different CHO cell line preparation approaches 
coupled with HTS and bioinformatics pipeline focused on virus-like sequences. The majority 
of the reads in all analyzed samples of production CHO cell line mapped to the reference 
genome of C. griseus. Reads, which were not assigned to Eukaryota, and especially reads 
having similarities with known viral sequences were the ones of further interest for the 
discovery of adventitious agents. Majority of such virus-like reads corresponded to 
retroviral sequences, which are known to be endogenized in CHO genomes. A substantial 
amount of reads were classified as human betaherpes virus 5 (family Herpesviridae), and 
some to polyomaviruses, both originating from the expression vectors used to manipulate 
the cell line. Some samples contained remains of bacterial and bacteriophage reads, which 
are expected to be present as residuals from chemicals and labware used in the procedure. 
Few reads were misclassified as viral, however further analysis showed they correspond to 
bacterial or CHO genomes.  

Finally, very few reads were showing similarities to filoviruses and parvoviruses and 
their possible origin is discussed in detail in Publication 2.3, including the likely connection 
of filoviral reads to an ancient integrated filovirus sequence in the CHO genome and 
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previous reports on contamination of nucleic acid extraction columns with parvoviral 
nucleic acids (Naccache et al., 2013). 

When comparing different sample preparation approaches, where total RNA extracted 
from cells and nucleic acids (DNA+RNA) isolated from either non-treated, ultra-
centrifuged or filtrated growth media were used as inputs for HTS, the differences were not 
obvious. However, the highest number of viral-like reads and detected viral taxonomic 
groups was found in the sample of isolated total (tot)RNA from cells. Analyzing ribosomal 
RNA-depleted totRNA from cells also required the smallest amount of handling and 
therefore smaller chance of the contaminants introduction among tested approaches, 
supporting our choice to use this approach for further analysis. 

Secondly, we used totRNA sequencing of cells to obtain a high number of sequencing 
reads for three parental CHO cell lines. Most of the reads classified as viral corresponded 
to retroviral sequences that did not map to the reference host genome in previous steps of 
analysis. Additional assembly of retroviral reads followed by similarity search and mapping 
to previously reported transcriptionally active retroviral sequences (Duroy et al., 2020) 
(described in detail in publication 2.3) were showing that detected sequences probably 
represent endogenized retroviral elements. 

Like in the previous analysis of the test CHO cell line, we detected few reads similar to 
filoviruses in one of the parental cell lines. This parental cell line has been used to prepare 
the production CHO cell line, analyzed in the previous experiment. This explains the 
detection of similar sequences, with the exception of herpesvirus sequences that originate 
from the expression vectors used to manipulate the parental cell line. Because this 
particular parental cell line is an engineered parental cell line, we detected a relatively high 
number of reads classifying as polyomaviruses corresponding to expression vector sequence. 
While reads classifying as polyomaviruses (expression vector sequence) were not detected 
in other parental cell lines, explaining the lower numbers of reads assigned to viruses. 

In parental cell line samples with higher sequencing depth, more contaminating 
sequences of unclassified ssDNA viruses and unclassified RNA viruses were detected. 
However, they were also detected in negative control and therefore probably introduced as 
contamination during the extraction or sequencing. Some plant infecting tobamoviral reads 
were detected in one of the parental cell lines, potentially representing a very low input 
contamination, which is not of concern for human health. 

The metagenomics investigation of one production and three parental CHO cell lines of 
diverse origin did not indicate the presence of adventitious viral agents in the investigated 
samples. The contaminating virus-like sequences present in samples and in the negative 
control are showing the importance of knowing the range and source of background signal 
in studies of adventitious virus detection. Obtained results, including the overlapping virus-
like sequences between parental and corresponding production cell line, serve as a baseline 
for future investigations of CHO cell lines for adventitious viruses using HTS-based 
methods, which have a potential to supplement other currently used adventitious virus 
detection methods. 
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4 Conclusions 

This thesis provides important insights into the virus discovery and diversity in complex 
sample matrices using different sample preparation approaches followed by non-targeted 
metagenomics.  

Firstly, HTS analysis of wastewater metagenomes confirmed the hypothesis that a high 
diversity and abundance of plant viruses is present in WWTP influents and effluents, 
including emerging and quarantine viruses. This indicates that the combination of efficient 
virus concentration and metagenomics is applicable for early detection and monitoring of 
economically important plant viruses. Wastewater contained infective tobamoviruses, with 
PMMoV and TMGMV remaining infective after conventional wastewater treatment, again 
confirming the postulated hypothesis. Thus, the presence of infective plant viruses in 
wastewater can also have consequences in rapid transmission to new areas, especially when 
wastewater or reclaimed water is used for irrigation. 

We reported, for the first time, the virome of signal crayfish hepatopancreas tissue and 
found a high diversity of novel divergent viral sequences, including a near complete genome 
sequence of signal crayfish-associated hepe-like virus 1 and toti-like virus 1, and the partial 
genomes of signal crayfish-associated reo-like virus 1 and picorna-like viruses. These novel 
viral sequences partially confirm our hypothesis, however to prove the involvement of signal 
crayfish-associated reo-like virus 1 in the observed necrotizing hepatopancreatitis future 
research is needed. Based on our results, we can confirm the hypothesis that the diversity 
and abundance of viral sequences is different along the invasion range and we can speculate 
that the differences in the signal crayfish population density along the invasion range and 
possibilities of inter-specific viral transmissions may have an effect on the diversity and 
abundance of signal crayfish-associated viral sequences. New insights into signal crayfish 
virome set foundations for understanding the potential risk of virus transmissions as a 
result of this invader’s dispersal.    

The metagenomics investigation of one production and three parental CHO cell lines of 
diverse origin did not indicate the presence of adventitious viral agents in the investigated 
samples, rejecting the part of hypothesis about the presence of adventitious viruses. The 
study revealed an expected background of virus-like nucleic acids in the samples originating 
from different sources, confirming the part of hypothesis about the presence of virus-like 
nucleic acids. The results are showing the importance of knowing the range and source of 
background signal in studies of adventitious virus detection. 

The detection of viral sequence using shotgun metagenomics is advantageous for 
addressing ecological, aetiological and biopharmaceutical perspectives of virome research 
in complex sample matrices. 
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