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1: Virus discovery 

Viral infections account for significant morbidity and mortality in the human population. More than 

70% of the recently emerging pathogens are viruses rather than bacteria, fungi, protozoa or 

helminths [1]. Environmental and biological changes such as urbanization, climate change, population 

growth, and global travel and trade led to exposure to an enormous diversity of viruses [2]. Two third 

of human viruses are of zoonotic origin and several animal viruses are able to pass the species barrier 

and cause diseases in humans [2]. In addition, viruses and in particular RNA viruses evolve rapidly, 

allowing them to adapt to a new host and change their pathogenicity quite easily. 

With respect to the fact that a significant part of human diseases with signs of an infection are still 

without proven cause, identifying the etiology of these diseases is crucial. The candidate diseases 

lacking a viral pathogen include amongst others acute gastroenteritis, acute respiratory tract 

infections, hepatitis and encephalitis [3]. It is estimated that the etiology remains unknown in around 

40% of gastrointestinal infections [4]. In respiratory diseases more than 30% of cases remain 

unexplained [5-7], suggesting that previously unknown viruses are involved. Unknown viruses may 

also be involved in some cancers and/or initiate autoimmune disease in humans, such as multiple 

sclerosis. Without rapid detection and identification of a (novel) virus, surveillance and control of 

spreading of the disease is difficult. Indeed, the first step towards diagnostics and treatment of viral 

infections is identification and characterization of the causative pathogen.  

The first virus discoveries  

The first human virus was discovered in 1901 with the use of filtration to remove bacteria and other 

pathogens: yellow fever virus [8]. In 1907, tissue culture was invented and became - for over a 

century - the gold standard methodology for virus discovery [9]. Although several viruses were grown 

in cell culture before the 1950s, the interest in cell culture for virus isolation expanded after 

propagation of polioviruses in cell culture. By the addition of antibiotics to cell culture media and the 

development of chemically defined culture media the use of cell cultures to isolate viruses was 

advanced [10]. Electron microscopes that can visualize virus particles started to be developed in the 

1930s and at the same time serology methods were introduced. Together, these methods have led to 

the discovery of many viruses, but certainly not all because some viruses cannot be cultured in vitro 

in cell lines.  
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Two revolutionary molecular biology techniques boosted virus discovery in the last decades: (1) 

Amplifying nucleic acids by polymerase chain reaction (PCR) and (2) DNA sequencing with chain 

terminating inhibitors (Sanger sequencing). For example, universal primers based on known virus 

isolates can be used to identify novel members of that same virus family, and random PCR can in 

principle be used to identify novel members of any virus family in a sequence-independent manner.  

There are three virus discovery tools that use restriction enzyme digestion in the protocol to amplify 

and sequence unknown viruses: representational difference analysis (RDA), sequence-independent 

single primer amplification (SISPA) and VIDISCA (virus discovery cDNA-AFLP, Amplified Fragment 

Length Polymorphism). The RDA method is based on digestion of a sequence of interest by a 

restriction enzyme, the subsequent addition of linkers, amplification and a subtraction of background 

amplimers [11]. By using the RDA method torque teno virus (TTV), GB viruses A and B and most 

importantly Human Herpesvirus-8 (also known as Kaposi Sarcoma herpes virus) were discovered. The 

SISPA method was introduced by Reyes et al in 1991 [12], and subsequently used to characterize 

novel viruses. The method is based on DNase treatment followed by restriction enzyme digestion and 

ligation of primer binding sequences. SISPA and VIDISCA resemble each other and represent the 

same principle, the only difference being that in the VIDISCA protocol the formation of concatemers 

is prevented, allowing more accurate comparison between cases and control samples. Bovine 

parvovirus and astrovirus were discovered by the SISPA method [13,14]. Several novel viruses were 

identified by VIDISCA and several examples will be presented in the next paragraph. This method can 

be used on any kind of clinical material like plasma, urine, serum, faeces suspensions or virus-

containing culture supernatants [15-17]. 

Since 2008 VIDISCA is usually coupled with a next generation sequencing technique (e.g. Roche 454 

pyrosequencing) and this combination method is termed VIDISCA-454. Although VIDISCA can be 

performed using standard sequencing technology such as Sanger sequencing, high-throughput 

sequencing technology makes VIDISCA much more sensitive [18]. No more than ±10 000 reads from a 

clinical sample are needed to have a satisfactory assay sensitivity of VIDISCA-454 [18]. High-

throughput sequencing of VIDISCA products involves the extensive extraction and sequencing of 

nucleic acids from a sample, without prior knowledge of what organisms, genes or viruses may be 

present [19].  
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The VIDISCA-454 method in more detail 

Virus discovery by means of VIDISCA-454 includes several steps. The first step is sample preparation 

or pre-treatment. In most clinical samples, the viral nucleic acid will only constitute a very small 

proportion of all nucleic acids. It is crucial to remove cellular debris and bacteria (sample 

background) since this material will interfere with sequencing of viral nucleic acids. Thus VIDISCA 

starts with a centrifugation step at 10,000 × g for 10 minutes to remove cell debris and bacteria 

followed by a DNase treatment to remove naked chromosomal and mitochondrial DNA. The 

presence of a protective viral capsid surrounding the viral RNA or DNA genome prevents degradation 

of the target viral nucleic acids [20].   

Each kind of clinical material carries its unique competing DNA and RNA molecules that can hinder 

pathogen detection. For instance, any cell based sample will contain a substantial amount of 

ribosomal RNA (rRNA) from ribosomes. Ribosomes share several characteristics with viruses. They 

have approximately the size of small viruses (diameter of 30 nm), and therefore cannot be separated 

from viruses by methods based on size fractionation like filtration. The rRNA is also likely covered by 

ribosomal proteins, which makes it - like intact viruses - less sensitive to nucleases. It is estimated 

that more than 80% of all RNA molecules in a cell represent one of the rRNAs, which hampers the 

detection of cell-associated viruses.  

An improvement of VIDISCA was the use of 96 non-ribosomal hexamers instead of random hexamer 

primers during reverse transcription [18]. These non-ribosomal hexamers are specifically designed 

not to anneal to rRNA, and therefore decrease the ribosomal cDNA background. Another 

modification to decrease background rRNA signals was the use of blocking oligonucleotides that 

target the rRNA. Blocking of rRNA is successfully achieved by oligonucleotides designed to anneal 

specifically to the most prevalent 18S and 28S rRNA VIDISCA targets [18]. These oligonucleotides 

contain a 3′-dideoxy C6 amino modification to avoid them being active as primers and by annealing 

to the rRNA template they block reverse transcription of rRNA into cDNA [18]. 

The background in faecal samples is probably the most complex background. Each person can have a 

different microbiota, with its varying bacteriophages. It was investigated whether there is a common 

competitor in faeces and in a less complex material, serum. In faecal samples the background is 

indeed complex, a wide range of bacteriophages are detected, and due to this heterogeneity no 

blocking oligonucleotides can be designed. In blood, the background consists of human genomic and 

even more mitochondrial DNA (30% of the sequences). As this background is already double 
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stranded DNA, a direct target for restriction enzyme digestion, one cannot block this competitor via 

blocking oligonucleotides in the reverse transcription reaction. 

After reverse transcription all single stranded DNA or cDNA molecules are converted into double 

stranded DNA (dsDNA) by using Klenow polymerase. This dsDNA is subsequently digested with the 

restriction enzyme Mse-I. This enzyme recognizes a specific sequence (AATT), which is present in 

virtually all viral genomes. The obtained fragments are ligated to adapters that render them 

amplifiable by PCR using adaptor-specific primers. Since small fragments (<100 base pairs) are not so 

important as they contain relatively little sequence information, a purification step is performed 

before and after the PCR amplification to remove small fragments and e.g. primers that will 

otherwise occupy sequence space.  

In the next step the PCR products of VIDISCA are sequenced via next generation sequencing 

techniques. The Roche 454 system was the first commercial high-throughput sequencing technology 

to be released. Because it yields longer sequence reads than the Solid or Illumina methods, it is 

preferentially used in virus discovery projects. Roche 454 utilizes emulsion PCR for the clonal 

amplification of the DNA fragment to be sequenced.  

Analysis of the sequence data using bioinformatics tools is the last, but perhaps most difficult step. 

Sequence reads can be assembled using software tools such as Codon Code and the individual or 

assembled sequences can be compared with all available sequences in the Genbank database [16]. 

Similarity based methods such as BLAST (Basic Local Alignment Search Tool) [21] are most frequently 

used to describe the taxonomic profile of viral metagenomes [22]. An output from BLAST is used to 

create a taxonomic classification of the reads with MEGAN software [23], which is a similarity-based 

taxonomic classifier to assign reads to the most appropriate taxonomic level. Via BLAST searches 

known viruses can be identified, but also unknown viruses, at least when they are related to known 

virus families. However, such identity-based searches will likely fail to discover truly different viruses 

that belong to novel virus families.  

In case of finding sequence reads that potentially constitute a novel virus, it is essential to obtain a 

complete coverage of the viral genome sequence to determine whether the virus is genuinely new, 

or a recombinant of an unknown virus with a known virus.  
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Examples of viruses discovered by VIDISCA 

Using VIDISCA a human coronavirus (HCoV-NL63) was discovered at the AMC in 2004 from a 7-month 

old child with bronchiolitis [24]. In adults, this virus is one of the four common cold causing 

coronaviruses, but in children it is associated with croup [25,26]. It had not been described before 

because of the difficulty to culture this virus in vitro. After its initial description in 2004, several 

research groups worldwide started screening for HCoV-NL63 and we now know that this virus has 

spread worldwide [27].  

In 2008, two parechovirus (types 5 and 6) were detected via VIDISCA in the Netherlands [16]. 

Furthermore a research group in Bonn discovered yet another human parechovirus type 1 strain 

using VIDISCA [28].  

Via the next generation sequencing variant of VIDISCA (VIDISCA-454) two new parvoviruses in bats 

were identified [29]. Both viruses were detected in blood of infected animals, indicating that these 

viruses cause active infections in bats [29]. The technique was also used for studying a possible viral 

etiology of canine idiopathic hepatitis, which resulted in the identification of Canine adenovirus 

type 1 (CAV-1) as the causative agent [30]. In that study, liver tissue of a dog with idiopathic acute 

hepatitis was cultured on a canine liver cell line and the cell culture medium was analyzed by 

VIDISCA-454 [30]. Another example of a VIDISCA-454 discovery is the novel cyclovirus in 

cerebrospinal fluid (CSF) specimens from Vietnamese patients with central nervous system (CNS) 

infections [15]. The virus was detected in two patients with CNS infection of unknown etiology. The 

frequent detection of this virus in feces of healthy Vietnamese pigs and poultry suggests the 

possibility interspecies transmission between animals and possibly animals and humans [15]. A 

search for diarrhea causing viruses in stool resulted in the identification of immunodeficiency-

associated stool virus, a virus that is detected most frequently in HIV-1 infected patients with a low 

CD4 cell count [31].  

Limitations of the VIDISCA-454 method when used on clinical samples 

The power of high-throughput sequencing in virus discovery is exemplified by the many discoveries 

listed in the previous paragraph. However, next generation sequencing based tools also have their 

limitations. One of the main restrictions is that detection of new viral reads does not necessarily 

indicate that this virus is pathogenic as it may be an unrelated passenger [32]. This is best illustrated 

by a striking recent example in which scientists were misled. A virus was identified in extracts from 

silica columns used to isolate nucleic acid [33], but this virus was mistakenly suggested to be the 
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agent causing hepatitis [34]. A second limitation of the metagenomics based methods is that 

recognition of viruses relies on identify searches. Nucleotide similarity to known viruses in GenBank 

can only identify closely related viruses, but highly divergent viruses may remain unrecognized. 

 

 2: Coronaviruses 

The coronavirus family forms a large group of viruses that infect a broad range of animals among 

mammals and birds. Until 2003 only two human coronaviruses, HCoV-OC43 and HCoV-229E, were 

known to cause human disease, primarily upper respiratory tract infections. In 2003 a new 

coronavirus was recognized as the causative agent of the severe acute respiratory syndrome (SARS) 

and HCoV-NL63 and HCoV-HKU1 were identified in 2004 in 2005, respectively [24,35]. Recently a 

novel coronavirus has emerged, causing severe acute respiratory infection, named the middle east 

respiratory syndrome coronavirus (MERS-CoV) [36]. Coronaviruses belong to the Coronaviridae 

family. Two subfamilies of the Torovirinae and Coronavirinae are within this family [37]. Based on 

serological and phylogenetic relationships, the Coronavirinae family is classified into four genera [37]. 

The alphacoronavirus and betacoronavirus subfamilies consist of various mammalian coronaviruses, 

whereas the deltacoronavirus and gammacoronavirus subfamilies consist mainly of viruses that 

infect birds. The genus of alphacoronavirus includes transmissible gastroenteritis virus, porcine 

epidemic diarrhea virus, some bat coronaviruses and the human pathogens HCoV-NL63 and HCoV-

229E. The coronaviruses are enveloped viruses, and their RNA genomes are linear, and single-

stranded. The genomes of 27–32 kb in length are the largest among the RNA viruses. The full-length 

RNA genome is used to generate a nested set of subgenomic mRNAs with common 5’ and 3’ 

sequences [38].  

Before the SARS epidemic in 2003, the genome of fewer than 10 coronaviruses were completely 

sequenced. The SARS epidemic boosted interest in all areas of coronavirus research [39] and 

currently there are full genome sequences available of at least 20 species. The high mutation rate of 

RNA viruses and also the tendency of coronaviruses to recombine may allow them to adapt rapidly to 

new environmental conditions and a new host [40]. In the last decade coronaviruses such as SARS-

CoV and MERS-CoV have crossed the species barrier and caused novel infections in humans. 

Therefore, it is crucial to learn more about different aspects of coronavirology, including evolution, 

pathogenesis, and infectivity. One of the first steps to achieve these goals is to obtain the full-length 

genome sequence of clinical isolates of all human coronaviruses.   
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HCoV-229E - a member of the alphacoronaviruses - causes the common cold, but occasionally it is 

also associated with more severe respiratory infections in children, elderly and persons with 

underlying illness [41,42]. HCoV-229E was one of the first coronaviruses that were isolated from man 

in the mid-1960s and the first human coronavirus to be fully sequenced: the lab strain VR-740 that 

was originally cultured in 1962. However, full-length genome sequences of clinical HCoV-229E 

isolates remained absent, such that little was known about its genetic diversity, evolution over time 

and possible adaptation to cell culture passaging.  

 

3: Torque teno viruses 

A remarkable virus family is that of the Anelloviridae. This family is extremely diverse, with members 

identified in various clinical materials and animals, but nobody could provide clues about their 

involvement in any disease. Among the Anelloviridae, the TTV plays an exceptional role. They are 

very common and vary in genome size, which is reflected in the name: TTV carries a genome of 3800 

nt, torque teno midi virus (TTMDV) has a genome of 3200 nt, and torque teno mini virus (TTMV) has 

one of only 2900 nt. So far there are 56 species known, and we all likely carry one or multiple TTV 

variants. The virus is non-enveloped, 30 nm diameter in size, and carries a circular single-strand DNA 

genome [43]. Several studies have mentioned the possible association of human TTVs with 

respiratory disease, anemia, childhood leukemia and lymphomas [44-51], however no study has thus 

far proven a causal relationship.   

 

4: Rhinoviruses 

Rhinoviruses are non-enveloped viruses with a positive-strand RNA genome of approximately 7200 

nt. Rhinoviruses belong to the Picornaviridae family  within the Enterovirus genus [52]. There are 

three species of rhinoviruses within the Enterovirus genus; Rhinovirus A, Rhinovirus B and Rhinovirus 

C [52]. Although human rhinoviruses are well known as the cause of the common cold, they can also 

infect the lower respiratory tract. Human rhinoviruses (HRVs) are highly prevalent and are known to 

be the most common etiological agents of upper respiratory infections in humans [53]. The most 

prevalent rhinoviruses in infected individuals are HRV-A in 45-65% of cases and HRV-C with 30-50% 

[54-56]. The HRV-B isolates are less frequently observed at 2-13% of human infections [54-56].  
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5: Scope of this thesis  

This thesis focuses on respiratory virus infections in humans and the improvement of the VIDISCA 

virus discovery method. 

Human coronavirus 229E was identified as early as mid-1960s, but no full-length genome sequence 

of clinical isolates was available. In chapter 2, the analysis of two full-length genome sequences of 

clinical 229E isolates is presented. The power of the VIDISCA-454 virus discovery method is 

demonstrated in chapter 3 with the discovery of a novel TTMV. This novel virus was detected in 

serum, a relatively convenient clinical material for efficient virus identification because of the 

absence of cells. More difficult is the detection of novel viruses in respiratory samples because of the 

massive amount of cells, and thus ribosomes and ribosomal RNA in this sample type. A novel method 

to improve the detection of respiratory viruses is presented in chapter 4: antibody capture VIDISCA-

454, which increases the chance that the virus discovered is indeed linked to the disease because of 

antibodies raised in the patient. The method was tested on 19 clinical samples that contain a variety 

of known viruses. The sensitivity of the method is described in chapter 5. In chapter 6, the antibody 

capture method was successfully used for the identification of a novel HRV-C type. Finally, in chapter 

7, a primary cell culture technique is added to the VIDISCA-454 protocol that, in combination with 

autologous antibody staining, allows not only easy virus discovery and identification, but also 

determination of the cell tropism of a novel virus. In chapter 8 the result of this thesis are 

summarized and discussed. 
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