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1 Introduction 

1.1 The next pandemic is likely caused by a virus 

In the last years, viruses have caused severe outbreaks in the human and animal 

population, leading to huge suffering, economic losses and destabilization. Some of these 

viruses have already been present in confined areas and reemerged (e.g. Ebola virus), others 

were introduced into a different geographic area with a naïve population (e.g. Zika virus), 

yet others were completely unknown before. Prominent examples of emerging infectious 

diseases caused by previously unidentified viruses are the Hendra and Nipah virus outbreaks 

in 1994 and 1998 (1-3) and the severe acute respiratory syndrome (SARS) and Middle East 

respiratory syndrome (MERS) coronavirus outbreaks in 2003 and 2012 (4-6). Nearly all 

recent pandemics had their origin within an animal reservoir, and viral zoonoses are the 

most likely candidate for causing the next pandemic (7, 8). Due to globalization and the 

increased possibilities of rapid travelling, pathogens can spread around the world at an 

enormous speed. The World Health Organisation annually reviews a list of diseases which 

shall be prioritized in research and development, “to reduce the time between declaration 

of a public health emergency and the availability of effective diagnostic tests, vaccines, 

antivirals and other treatments that can save lifes and avert a public health crisis”(9). In the 

2018 annual review, eight diseases were announced as urgently needing an accelerated 

research and development, seven of them are caused by viruses (10). Remarkably, the eighth 

disease was listed as “Disease X”, representing a novel disease yet to be identified, which is 

very likely to be of viral origin.  

Viruses are the most abundant biological entities on earth. In the oceans alone, roughly 

4×1030 viruses have been estimated to exist (11), exceeding the number of stars in the 

universe, and 5-25 times the bacterial abundance in the oceans (12). In mammalian species, 

a minimum of 320,000 new viruses are estimated to be waiting for discovery (13). A tiny 

proportion of viruses is pathogenic to humans or animals, receiving the highest attention, 

while the majority is playing an important role as bacteriophages in balanced ecosystems 
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e.g. as agents of microbial mortality resulting in efficient nutrient recycling (12, 14). Viruses 

have no intrinsic metabolism and can only replicate as endoparasites through the host. 

Compared to other biological systems, viruses are highly diverse, with the genetic 

information stored in single or double-stranded RNA or DNA genome ranging in size from 

of a few thousand bases to several hundred kilobases, and the size of the virion usually 

varying between 20-200 nm. Traditionally, virus discovery was achieved by the isolation of 

the virus in cell culture, a technique responsible for the identification of the vast majority of 

viruses known to date (13). Advances in technology, enabling high-throughput sequencing, 

have driven the discovery of novel viruses forward, especially through the feasibility to 

determine the complete genetic information present in a sample (metagenomics). 

1.2 Principles of high-throughput sequencing 

The elucidation of the viral genome forms the basis for its genetic characterization and 

classification. Methods for the determination of nucleic acid sequences have drastically 

evolved in the last years. In 1977, twenty four years after the discovery of the structure of the 

DNA by Rosalind Franklin, James Watson, Francis Crick and Maurice Wilkins (15), the chain 

termination method by Sanger and colleagues was invented (16). In this enzymatic dideoxy-

sequencing technique, the chain elongation was randomly terminated by incorporation of 

radio-labelled di-deoxynucleosidtriphosphates (ddNTPs). The fragments of different 

lengths were visualized by autoradiography after gel-electrophoresis on a polyacrylamide 

gel, allowing the deduction of the order of bases. The Maxam-Gilbert sequencing method 

was published in the same year, which is another sequencing technique based on a chemical 

procedure that breaks a radioactively labeled DNA molecule partially at specific bases (17). 

The chain termination method invented by Sanger and colleagues was optimized to a great 

extent in the following years, with the introduction of different fluorescently-labelled 

ddNTPs in 1986, allowing the reaction to be performed in one tube (instead of four for each 

radio-labelled ddNTP), and the automated separation by capillary electrophoresis with 

subsequent optical detection of the fluorescently-labelled bases (18).  

Before the era of high-throughput sequencing, the chain termination method has been 

used in the vast majority of sequencing projects, leading to the determination of many 

important viral genome sequences, and also the first human genome (19, 20), thereby 

expanding the possibilities for further characterization and research. For Sanger sequencing, 

previous knowledge about the primer annealing site is necessary, and can be bypassed for 

undirected sequencing only by cloning the target into a vector (thereby providing the primer 
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binding site). However, this approach is time-consuming and laborious. Furthermore, with 

sequencing as an integral part of many scientific research applications, the demand for 

higher throughput at lower cost was steadily rising. Following the demand, the second 

generation of sequencing was developed, enabling high-throughput shot-gun sequencing, 

the massively parallel generation of short sequences (reads) without previous sequence 

knowledge and at comparably low cost. Introduced in 2005, the 454 Genome Sequencer 20 

was the first high-throughput sequencing instrument on the market, developed by 454 Life 

Sciences, which were acquired by Roche in 2007 (21). Different companies were developing 

high-throughput sequencing platforms in parallel (22), all racing towards the $1000 

genome, meaning a reduction of costs by four to five orders of magnitude compared to 

Sanger sequencing, an initiative opened by the National Human Genome Research Institute 

(23-25). The newly developed platforms offered the combined advantages of speed, 

automation and high-throughput, thereby increasing the sequencing capabilities by factor 

100 to a million relative to the Sanger technology (26). In 2013, eight years after the 

introduction of the first high-throughput sequencing instrument on the market, Roche 

announced to shut down 454 Life Science and to discontinue the support in 2016 due to 

noncompetitive technology, an impressive illustration of the rapid progress as well as high 

competition in the field. Nowadays, Illumina Inc. and Thermo Fisher Scientific (Ion Torrent 

systems) are dominating the market. 

Essentially, approaches deploying 2nd generation high-throughput sequencing involve 

four steps: Sample preparation, clonal amplification, sequencing and bioinformatic analysis. 

In theory, the genetic material of every sample can be analyzed via high-throughput 

sequencing, with RNA being initially reverse transcribed into complementary DNA (cDNA). 

Library preparation involves random fragmentation of the DNA/ cDNA, followed by 5’ and 

3’ ligation to oligonucleotide adapters of known sequence. These adapters comprise 

sequences that allow amplification, polymerase binding and, with Ion Torrent systems, an 

instrument-specific “key” for signal normalization. Clonal amplification of the library 

fragments is performed to enhance the generated signal in sequencing. The sequencing itself 

is based on the sequencing-by-synthesis method by recording the incorporated nucleotides 

in the elongating chain, according to the template sequence. The determination of the 

incorporated nucleotide is accomplished by the detection of fluorescence signals or changes 

in the electric potential and subsequent data processing (basecalling), resulting in several 

million to hundreds of million sequence reads output. Bioinformatic analysis of the 

extensive data is challenging and has to be addressed for each particular research objective 
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differently. Most commonly, overlapping reads are de-novo assembled to produce larger 

continuous sequences (contigs), or alternatively mapped to a known reference genome. In 

metagenomic analysis, reads or contigs are classified by similarity searches against database 

sequences. 

The strategy employed by each platform determines the quantity, quality and biases of 

the resulting sequence data and its suitability for particular applications (27). Therefore, the 

sequencing principles of Illumina and Ion Torrent platforms, both employed in this thesis, 

will be reviewed in more detail in the following sections. 

1.2.1 Illumina reversible chain termination sequencing 

For Illumina library preparation, Y-adapters are used. These specific adapters comprise, 

beside a short complementary region, distinct sequences that include annealing sites for 

amplification and sequencing. The Y-adapters are ligated in a sticky-end fashion to the 

randomly sheared DNA/ cDNA sample. Thus, fragments are end-repaired, A-tailed and 

ligated to the Y-adapters comprising a T-overhang, thereby ensuring efficient binding 

(Figure 1). After ligation, both single strands meet the requirements of a functional library 

molecule for sequencing. 

 

Figure 1: Sticky-end ligation of Y-adapters to template fragments in the library preparation. After end-
repair and A-tailing of the template fragments Y-adapters are ligated to both ends. Due to the Y-
shaped structure of the adapters, both single strands comprise subsequently the necessary 
information for sequencing.  

After library preparation, clonal amplification is necessary to intensify the signal in 

sequencing. Therefore, single molecules of DNA are annealing with their adapter sequences 

to complementary oligonucleotides bound to the surface of the flow cell and are amplified 

in a process named bridge amplification (Figure 2). In this process, immobilized clusters of 

up to 1000 identical copies of each single template molecule are formed (28) with each of 

these clusters up to 1 µm in physical diameter (29).  

After cluster generation, one strand is cleaved off, facilitating unidirectional sequencing 

(Figure 2). A primer anneals then to the adapter sequence of the single stranded amplicons. 

For sequencing, modified deoxyribonucleoside triphosphates (dNTPs) are used that carry 
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different removable fluorophores (attached to the base) and 3’-O-azidomethyl groups, 

thereby reversibly preventing further chain elongation (30). All four dNTPs are flushed 

simultaneously across the flow cell, with only the correct nucleotide being incorporated. 

 

Figure 2: Mechanism of cluster generation by bridge amplification with subsequent paired end-
sequencing. Cluster generation (upper panel): 1) Single stranded library molecules anneal to 
covalently bound complementary oligonucleotides on the flow cell. The complementary strand is 
then synthesized (dotted) from the bound oligonucleotide serving as primer. After denaturation, the 
original strand is washed away. 2-3) Cluster generation by isothermal cycles of annealing, extension 
and denaturation. Sequencing (lower panel): 4) The DNA in each cluster is linearized by cleavage 
within the adapter sequence (asterisk) and denatured, 5) facilitating unidirectional sequencing-by-
synthesis of one strand (dotted). 6) For paired-read sequencing, the synthesized product is removed 
by denaturation, the remaining strands bends over generating a bridge, 7) followed by second strand 
synthesis. The opposite strand is then cleaved (asterisk), 8) allowing sequencing-by-synthesis of the 
second, paired read. Adapted in part and modified from Figure 1 of Bentley et al. (29) under the 
creative commons license CC BY-NC-SA 3.0.  

Unbound dNTPs are washed away and the last incorporated nucleotide is identified by 

fluorophore excitation and imaging. Subsequently, the fluorescent branch and the 

protecting group are cleaved off, thereby regenerating the 3’-hydroxyl group for the next 

cycle of nucleotide addition. The bridging amplification used in Illumina sequencing has 

the advantage of allowing paired-end sequencing, thereby gaining information from both 

ends of the template, which provides additional information that can be exploited in data 

analysis. Due to the reversible termination sequencing strategy, substitutions occur at a 

higher rate than insertions or deletions (31). Furthermore, a preferential incorporation of 

ddGTP was reported, presumably related to the engineered polymerase and the use of 

modified nucleotides. A general increase of errors towards the end of the reads was observed 

as well as strand bias, with errors twice as likely to occur in the reverse reads (31). 

Additionally, the bridge-amplification technique allows for index-crosstalk of pooled 

1 2 3 

4 5 6 7 8 
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libraries on one flow cell (32). This results in slightly cross-contaminated data sets and 

constitutes an obstacle in diagnostic metagenomics. 

1.2.2 Ion Torrent semiconductor sequencing 

In the library preparation for Ion Torrent sequencing, linear adapters A and P1 are 

ligated in a blunt-end fashion to both ends of the fragment (Figure 3). Thus, end-repair 

including 5’-phosphorylation is performed before ligation. However, due to the blunt ends 

unwanted adapter dimers can form in the ligation process. These adapter dimers compete 

with library molecules in the sequencing process without providing any template 

information. Statistically, two out of four double stranded template molecules will carry 

both adapters (A and P1), the prerequisite for sequencing, and of these two, only one single 

strand each will serve as a template, resulting in 25% functional molecules. Therefore, the 

end ligation is less efficient than the Y-adapter sticky end ligation regarding the conversion 

of sample to library (33).  

 

Figure 3: Library preparation with blunt-end ligation of linear adapters and potential outcomes. 
Following end-repair of the fragment, two different linear adapters A and P1 are ligated to both ends 
of the template fragment. In the ligation process, several combinations can arise with only the 
combination of A-P1 (or P1-A) constituting a functional library molecule in the sequencing process. 
Additionally, adapter dimer formation is possible. 

Clonal amplification is achieved in a water-in-oil emulsion, therefore called emulsion 

polymerase chain reaction (emPCR). For successful clonal amplification, the following 

components have to be present in a water droplet: The template molecule, the DNA 

polymerase, PCR reagents including primers and dNTPs, and an ion sphere particle (ISP), 

to which the amplified template will be covalently bound. If more than one template 

molecule is present in the droplet, the amplification will result in a polyclonal loaded ISP 

that gives a mixed signal in sequencing. Polyclonal reads are automatically filtered out by 

the software. The correct ratio of components has been empirically determined to ensure 



Introduction 

7 

maximum clonal amplification. After emPCR, the loaded ISPs are enriched via a magnetic-

bead based process. Sequencing primers and DNA polymerase are then bound to the 

templates and the ISPs transferred onto a sequencing chip with millions of wells, each ISP 

located in one well with 3.5 µm diameter (34). For sequencing, unmodified dNTPs are 

flooded sequentially over the chip. In case of nucleotide incorporation, a proton is 

simultaneously released in all clonal strands bound to the ISP, resulting in a pH shift in the 

corresponding well. The pH signal is detected by semiconductor electronics containing ion-

sensitive field effect transistors (ISFET) (34). The detected signal is proportional to the 

amount of incorporated bases in one flow. A “key sequence”, consisting of TCAG, serves as 

basis for normalization of the raw flow-values. After the flow of each nucleotide, a wash 

ensures that unbound nucleotides do not remain in the well. The small size of the wells 

allows diffusion in and out of the well in approximately one-tenth of a second (35). The flow 

order of nucleotides is a complex period of 32 and was implemented to improve 

synchronicity of clonal templates on the bead. The sequencing technique is prone to 

insertions and deletion errors rather than substitutions. Insertions are more common than 

deletions, and increase with distance from the read start, while substitutions are a 

magnitude less frequent than insertion/deletion errors. Homopolymer errors are 

responsible for over 95% of the total error (36). 

1.2.3 Comparison and outlook 

Several Illumina and Ion Torrent instruments are commercially available that differ in 

run time, read length and output (Table 1). Since the introduction of the first devices, there 

has been sustained technical improvement, resulting in higher throughput as well as higher 

sequence quality. 

Table 1: Summary of specifications for selected instruments distributed by Illumina Inc. and Thermo 
Fisher Scientific (Ion Torrent) as collected from vendor’s information. 

 Run Time Max. Output 
Max. Reads 

per Run 

Max. Read 

Length 

Illumina 

MiniSeq System 4 – 24 h 7.5 Gb 25 M 2x 150 bp 

MiSeq System† 4 – 55 h 15 Gb 25 M 2x 300 bp 

NextSeq System 12-30 h 120 Gb 400 M 2x 150 bp 

HiSeq 4000 < 1 – 3.5 days 1.5 Tb 5 B 2x 150 bp 

HiSeq X < 3 days 1.8 Tb 6 B 2x 150 bp 

Ion Torrent 

Ion PGM System*,† 2 – 7 h 0.03 – 2 Gb 0.4 – 5.5 M 200 – 400 bp 

Ion S5 System*,† 3 – 8.5 h 0.3  - 25 Gb 2 – 130 M 200 – 600 bp 

Ion Proton 2 – 4 h 10 Gb 80 M 200 bp 

*: Specifications vary depending on chip type; †: Instruments used for investigations in this thesis; M: million; B: billion. 
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Sequencing instruments should be chosen to fit best to the particular  application. Thus, 

different error rates for substitutions and insertions/deletions, and the issue of cross-

contamination, as well as read length, run time and sequence output, should be taken into 

consideration (37, 38). Ion Torrent systems provide higher flexibility regarding read length 

and output size due to different chip sizes, and support longer read lengths in comparably 

short time. Additionally, the possibility of index cross-contamination is circumvented by 

emPCR. In contrast, Illumina platforms supply significantly higher throughput with the 

option of paired-end sequencing at overall lower error rates. According to a statement of 

Illumina in 2015, more than 90% of the world’s sequencing data were generated by their 

sequencing strategy (39). 

Many different research areas are discovering the expanding possibilities of high-

throughput sequencing, e.g. oncology, reproductive health, genetic disease, microbiology, 

agriculture, forensic science. Visible trends comprise the aim for higher throughput at lower 

costs, faster library preparation with less input, and (mobile) single-molecule sequencing 

without prior clonal amplification. As examples, the Illumina HiSeq X Ten System is now 

able to deliver more than 18,000 human genomes per year at the price of $1000 per genome 

(40). Template preparation kits have been developed starting from few picograms or even 

single cells as input (41-45). Reduced library preparation times are feasible by the use of 

transposases (46, 47), and mobile real-time single-molecule sequencing can be performed 

with the MinION sequencing device, an instrument of the size of a chocolate bar (48-50).  

1.2.4 Advances in technology and its implications for metagenomics  

While sequencing of the first human genome by capillary sequencing took over a 

decade and cost over $2.7 billion (51), the development of high-throughput sequencing lead 

to a drastic decline in sequencing costs (Figure 4).  
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Figure 4: Decline of cost per raw megabase of DNA sequences in 2001-2017 (y-axis in logarithmic 

scale), based on data from the NHGRI Genome Sequencing Program (52). 

As a result, the data analysis with bioinformatics will constitute the limiting factor in 

sequencing projects. Moore’s Law predicted the doubling of number of transistors in a dense 

integrated circuit, resulting in the doubling of ‘compute power’ about every two years (53), 

and this is even predicted to slow down in this decade (54). Consequently, the 

improvements in sequencing technology will outcompete the developments in computing 

power.  

Bioinformatic analysis is the most challenging aspect of metagenomics, requiring fast 

computation and appropriate algorithms (26). Sequences are usually classified by local 

alignment searches against sequences in a database. This approach of taxonomic 

classification is being especially computation intensive and depends on the size of the 

database. Smaller databases might feature shorter analysis times at the cost of sensitivity 

and specificity, e.g. higher rates of false-positives and unclassifiable sequences (55). The 

bioinformatic identification of viral sequences in shot-gun metagenomic datasets resembles 

the search for “a needle in a haystack” (56).  

In case of novel viruses having no or little genetic similarities to known viruses, the viral 

sequence might not even be recognized as “the needle”. Additionally, public databases are 

exponentially growing due to the high number of sequences deposited every day. According 

to GenBank, from 1982 to present, the number of bases in GenBank has doubled 

approximately every 18 months (57). While this development might lead to a lower 

proportion of unclassifiable reads in metagenomics datasets, the classification process itself 

elaborates, resulting in longer analysis times, and demonstrates the ongoing need for the 

development of faster, less computing-intensive algorithms. 
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1.3 Metagenomics: A useful tool for virus identification 

Traditionally, virus discovery was limited to (observable) disease linked with a set of 

techniques for identification. These comprised in the beginning mostly sequence-

independent techniques like virus isolation, electron microscopy, inoculation studies and 

serology and later on also culture-independent techniques like microarrays and broad 

spectrum polymerase chain reactions with degenerated primers (58). However, the efforts 

to discover new viral species have lagged behind other organisms, partly due to the lack of 

a universal genetic element shared between viral genomes, as e.g. the 16 S ribosomal RNA 

for bacteria or the internal transcribed spacer region for fungi (59). Metagenomics as 

unbiased studies of the genetic material of environmental samples are today easily feasible. 

High-throughput sequencing has thereby opened the door for virus discovery and 

revolutionized not only the rate but also the nature of the discoveries, e.g. by enabling the 

description of environmental viromes and non-pathogenic viral commensals (60). 

Metagenomics is not necessarily linked to high-throughput sequencing, although the 

massively parallel sequencing technique is now standardly used in metagenomic 

approaches. The first application of metagenomics in the field of virology was performed in 

2002 with the characterization of a marine viral metagenome through cloning of a shot-gun 

library into a vector and traditional Sanger sequencing (61).  

Based on estimations, roughly one percent of all viruses is characterized by now (62). 

One prominent example for a structured concept of deploying the advances in technology 

for virus discovery is the “Global Virome Project”, which is a global initiative to lower the 

risk of harm from future viral outbreaks. This shall be achieved by the identification of novel 

viruses in hosts that have the highest probability of disease transmission to humans, and 

serve as a basis for counter-measures. The Global Virome Project was launched in 2018 with 

the goal to characterize 71% of the viral diversity in mammalian and avian species within a 

10-year frame. Around 631,000 to 827,000 yet unknown viruses in mammalian and avian 

species, the most important reservoirs for viral zoonoses, are expected to have zoonotic 

potential (63). In contrast to this approach, where also healthy animals are screened as 

potential reservoirs of zoonotic viruses, diagnostic metagenomics itself focuses on diseased 

hosts, with the attempt on revealing the potential etiologic agent. In a traditional approach, 

single targeted analytical tests are run to confirm or refute the pathogens in question.  This 

approach is laborious and especially complicated in case of rare pathogens and nearly 

impossible for unknown viruses (64). Diagnostic metagenomics not only facilitates the 

identification of novel viruses but also allows the parallel identification of multiple 
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pathogens in coinfections, which might be missed with standard diagnostics, and 

subsequently lead to improper clinical treatment (65-68). Efforts were made to simplify the 

diagnostic metagenomics workflow and to facilitate the detection of all kinds of pathogens 

in different sample matrices (“one-serves-all” framework), a prerequisite for successful 

unbiased diagnostic metagenomics (69, 70). However, the technique is still young and 

provides complex results that require specialized knowledge and experience for correct 

interpretation, thereby hindering the routinely application in clinics to date.
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2 Objectives 

Diagnostic metagenomics facilitates an open approach for the simultaneous detection 

of all nucleic acids in a clinical sample, and is increasingly applied in clinics for difficult-to-

diagnose cases. Therefore, the aim of this thesis was to identify possibilities and pitfalls of 

unbiased diagnostic metagenomics and bring it to the next level for improved diagnostics. 

The studies should rely on clinical specimens of animal and human origin, as only real 

diagnostic samples can provide the full spectrum of eventualities. In detail, the suitability of 

Illumina and Ion Torrent, two second-generation sequencing platforms, should be assessed 

for use in diagnostic metagenomics, and potential improvements implemented. The 

impacts of sampling and extensive processing, e.g. in case of formalin-fixed and paraffin-

embedded material, should be evaluated. Lastly, diagnostic metagenomics-based findings 

should be verified by additional methods and interpreted in context of disease.  
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5 Results and Discussion 

Metagenomics based on high-throughput sequencing is a valuable, unbiased and widely 

used tool for the characterization of genetic material in environmental samples, and often 

results in the discovery of novel viruses. Furthermore, applied diagnostic metagenomics 

harbors great potential for pathogen identification (71-74) and may influence the way 

medical diagnoses are conducted in the future. However, several pitfalls have to be 

considered to ensure reliable results, as e.g. platform-specific limitations may interfere with 

the correct interpretations. Based on the above publications, several key determinants for 

successful diagnostic metagenomics as well as limitations and optimized procedures are 

discussed in the following. 

5.1 Characterization of platform-specific issues in diagnostic 

metagenomics 

Diagnostic metagenomics is a very sensitive and, depending on the applied data 

analysis software, specific tool. To obtain a sequencing result purely resembling the genetic 

information present in the original sample, it is crucial to avoid the introduction of RNA or 

DNA of any foreign source in any step of the preparation/analysis. This ranges from a sterile 

sampling procedure to precautions during sample processing to avoid any form of 

contamination. However, reagents applied for extraction, library preparation and 

purification can artificially introduce contaminating DNA, varying in composition between 

different kits and even kit batches (69, 75). Additionally, the sequencing process itself can 

produce “cross-contamination” of barcoded libraries sequenced in parallel on the same 

flowcell, or flowcell lane, respectively. This problem is described for Illumina platforms, 

originating in a so-called “index hopping” (switching of unique library identifiers) during 

bridge-amplification. Typical levels of index hopping range from 0.1–2% depending on the 

type, quality, and handling of the library as well as the flow cell type (76-78). Furthermore, 

run-to-run carryover of library molecules can occur. Illumina MiSeq instruments that are 
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maintained according to Illumina recommendations typically have run-to-run carryover 

rates below 0.1% (1000 reads per one million). Recommended post-run washes 

incorporating freshly diluted sodium hypochlorite can reduce the carryover levels to 0.001% 

(10 reads per one million) (79).  

The majority of sequencing projects may not be restricted by these levels of artefacts 

(e.g. mapping approaches). However, cross-contamination due to index hopping or run-to-

run-carryover can severely complicate the analysis and interpretation of diagnostic 

metagenomics, as highlighted on the example of the discovery of a novel, putatively 

zoonotic, respirovirus (Publication 1). A Sri Lankan Giant Squirrel, imported from Sri Lanka 

to a German zoo, died during quarantine with signs of an acute hemorrhagic-necrotizing 

pneumonia (Publication 1, Figure 1). A panel of routine diagnostics was performed for the 

identification of the responsible pathogen, resulting in the isolation of a virus on primary 

porcine thyroid cells, while bacteriological and parasitological examinations delivered 

negative results. In electron microscopy, typical paramyxoviral structures were observed but 

further viral species typing was impossible. This case was well suited for an assessment of 

the suitability of Illumina platforms for diagnostic metagenomics because of three reasons: 

1) It was an unspiked sample resembling the real situation in diagnostic metagenomics. 2) 

It was a virus isolate, thereby exhibiting a favorable virus to background ratio for sequencing 

and data analysis. 3) Preceding electron microscopy identified paramyxoviral structures, 

suggesting the presence of a virus that is related to members of the family Paramyxoviridae. 

The isolate was thus sequenced on an Illumina MiSeq in a 300 bp paired-end mode and 

the high-throughput data was subsequently analyzed with the taxonomic classification 

software pipeline RIEMS 4.0 (80). The obtained results were highly divers (Table 2). In the 

dataset, 63.8% of the reads were taxonomically classified to the family Paramyxoviridae, in 

detail to human and murine respiroviruses, as well as several other respiroviruses. This 

distribution arises from the novelty of the identified virus that has genetic similarities to 

both murine and human respirovirus, as later on determined on the basis of the assembled 

whole genome (Publication I, Figure 4). However, several other viral families were identified 

by the taxonomic classification software (Table 2). After in depth-analysis, all hits belonging 

to other families than Paramyxoviridae were found to originate in a) other libraries of the 

same or the previous run, b) the used cDNA kit that deploys reverse transcriptases related 

to the reverse transcriptases of the avian myeloblastosis virus and the Moloney murine 

leukemia virus, c) flawed viral sequences in the public databases containing untrimmed 

eukaryotic ribosomal RNA (Figure 5) or d) misassigned low complexity reads.  
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Table 2: Excerpt of the metagenomic analysis result for the Giant squirrel respirovirus isolate (partial 
data set of one million random reads), covering all viral hits besides phages. In the Illumina 
sequencing data, several reads were identified as contamination due to carry-over between runs or 
cross-contaminations in the same run. 

Family Species Counts Comments 

Phenuiviridae Rift Valley fever phlebovirus 1 Present in previous run 

Peribunyaviridae Bunyamwera orthobunyavirus 1 Present in previous run 

Bornaviridae Psittaciform 1 bornavirus 88 Present in same run 

Picornaviridae 

Enterovirus E 150 

Present in same run Enterovirus F 2 

Enterovirus G 1 

Retroviridae 

Murine leukemia virus 28 

Kit contamination 
Human immunodeficiency virus 1 1 

Avian myeloblastosis associated virus 1 

Tasmanian devil retrovirus 1 

Arenaviridae Guanarito mammarenavirus 2099 
Flawed sequences in 

public database (= rRNA) 

Rhabdoviridae Bokeloh bat lyssavirus 1 Present in same run 

Paramyxoviridae 

Murine respirovirus 303907 

Sample origin, related 

to novel virus 

Porcine parainfluenza virus 188143 

Human respirovirus 1 126640 

Porcine respirovirus 1 2637 

Human respirovirus 3 815 

Bovine respirovirus 3 327 

Rodent Paramyxovirus Rat-

ratTP180THA2007 
201 

Swine parainfluenza virus 3 26 

Avian avulavirus 1 7 

Miniopterus schreibersii paramyxovirus 7 

Measles morbillivirus 2 

Nipah henipavirus 1 

Salmon aquaparamyxovirus 1 

Coronaviridae 
Porcine epidemic diarrhea virus 3 

Present in same run 
Swine enteric coronavirus 2 

Herpesviridae 

Human alphaherpesvirus 1 12 

Low complexity reads Bubaline alphaherpesvirus 1 2 

Macacine alphaherpesvirus 1 1 

Unknown Hokovirus HKV1 1 Present in same run 

 

All these additional viral hits need to be excluded manually as contamination or 

misassignments, thereby hampering the correct interpretation of results. Since the 

composition of the library pool varies between runs, the cross-contamination is a major 

issue regarding data interpretation. Vice versa, Giant squirrel respirovirus-sequences were 

detected in other libraries sequenced in parallel, with cross-contaminations of up to 200 

reads out of one million. 
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Figure 5: Example of a Guanarito mammarenavirus sequence in the public database with untrimmed 

ribosomal RNA, resulting in misclassification of the read (query) during metagenomic analysis. 

Numbers indicate beginning and end position in the corresponding sequence. 

On the contrary, Ion Torrent platforms avoid the problem of cross-contamination by 

performing emPCR instead of bridge amplification. The suitability of Ion Torrent platforms 

for diagnostic metagenomics is highlighted on the case of the discovery of Borna disease 

virus 1 (BoDV-1) in three human organ transplant recipients (Publication II). In 2016, three 

organ transplant recipients diseased after receiving an organ from the same, apparently 

healthy, donor. Two recipients, receiving each a kidney, developed cerebral atrophy and 

progressed to irreversible coma and death. The third recipient, receiving the liver graft, 

developed neurological symptoms combined with a leukoencephalopathy. To assess the 

cause of infection, a huge panel of diagnostic tests was performed, but the findings were 

unrevealing (Publication II, Table S2 – S4). Therefore, we performed a diagnostic 

metagenomics approach on a brain-biopsy specimen from the first diseased recipient. From 

the generated high-throughput sequencing data, a nearly complete BoDV-1 genome was 

assembled. This finding was highly unexpected, because BoDV-1 was known to infect horses, 

sheep and shrews, while being (at that time) an assumed non-zoonotic agent (81, 82). 

However, the taxonomically classified high-throughput data provided no hint for any other 

pathogen (Table 3). Additionally, no cross-contamination was observed, emphasizing the 

superiority of Ion Torrent platforms for diagnostic metagenomics in comparison to Illumina 

platforms. 
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Table 3: Excerpt of the metagenomic analysis result for the brain-biopsy specimen covering all viral 
hits of the complete data set (2.6 million reads). In the Ion Torrent sequencing data, no reads were 
identified as contamination due to carry-over between runs or cross-contaminations in the same run. 

Family Species Counts Comments 

Bornaviridae 
Mammalian 1 bornavirus 20613 

Sample origin 
Borna disease virus 1257 

Retroviridae 

Avian myeloblastosis associated virus 4 

Kit contamination 
Avian leukosis virus 3 

Avian myeloblastosis virus 1 

Tasmanian devil retrovirus 1 

Arenaviridae Lassa mammarenavirus 2 
Flawed sequences in 

public database (= rRNA) 

 

5.2 Improved library preparation for Ion Torrent platforms 

In terms of straightforward data analysis and interpretation, Ion Torrent platforms 

outperform Illumina platforms by avoiding cross-contamination and therefore easier 

identification of the potential pathogen (Chapter 5.1). However, the main disadvantage of 

Ion Torrent platforms is the relatively inefficient library preparation method. The 

commercially available library preparation method deploys a blunt-end ligation technique. 

Blunt-end ligation is less efficient than sticky-end ligation as shown in cloning experiments 

(83). In general, it is advisable to convert the genetic material present in a sample to 

sequenceable library as far as possible to minimize loss of information (84). Therefore, 

efficient library preparation is a key determinant, and of special importance when only spare 

amounts of samples are available. To date, the sample preparation workflow for sequencing 

on second generation devices comprises the following steps: 1) Extraction and reverse 

transcription of RNA, or extraction of DNA, depending on the scientific question at hand. 

2) Mechanical or enzymatical fragmentation and 3) ligation of fragments to specific 

sequencing adapters. After ligation, 4) size exclusion ensures a fragment size compatible 

with sequencing, and 5) quantification, the pooling of libraries and determination of library 

input into sequencing. Some workflows also perform an amplification step to receive a 

higher library quantity. However, library amplification introduces biases without adding 

new information, and should therefore be avoided whenever possible (85-88).  

For ligation, different concepts can be applied, sticky-end or blunt-end, as well as 

different adapter structures, linear or Y-shaped. The highest yield of final library is obtained 

by applying the concept of sticky-end ligation in combination with Y-adapters. Sticky-end 

ligation ensures the optimal ligation of adapter to fragment, while significantly reducing 
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adapter dimer formation. Adapter dimers are a result of blunt-end self-ligation and occur 

frequently when input is limiting. Additionally, Y-adapters allow the conversion of both of 

the fragment strands to library molecules (Publication III, Figure 1).  

To address the conflict of Ion Torrent platforms with superior performance in 

diagnostic metagenomics but inefficient library preparation technique, highly efficient Y-

adapters for Ion Torrent sequencing were developed (Publication III). The difficulty in this 

project was to identify a) essential sequences that must be present in the designed Y-

adapters to ensure efficient binding to the ion sphere particles, and sequencing, and, b) 

optimal parameters of the designed Y adapters for highest performance. During the 

experimental phase many adapter variations were developed and tested, differing in length 

of barcode, length of complementary region and the presence of phosphorothioate bonds at 

varying positions in the adapter. The obtained results showed  that the melting point of the 

complementary region has an optimum range of 45°C to 55°C as calculated by MELTING 

version 5.2.0. This observation was further confirmed by the introduction of one or more 

inosine nucleotides into the double stranded region of the adapter (Publication III, Figure 

4). Hypoxanthin, as the nucleobase of inosine, can pair with any natural DNA base, however 

the pairing is favoured with cytosine, corresponding to the highest stability (89). Changes 

to inosine therefore result in a slight reduction of the melting temperature of the double-

stranded region, allowing the assessment of the influence of the melting temperature. It has 

been additionally shown that at least one phosphorothioate bond at both ends of the 

adapter strands is necessary for acceptable library yield, while phosphorothioate bonds in 

the middle of the adapter (as present in commercial Ion Torrent adapters) had no significant 

influence (Publication III, Figure 5). In comparison to the usual phosphodiester bond a non-

bridging oxygen atom is substituted by a sulphur atom in the posphorothioate bond, 

rendering the linkage resistant to nuclease degradation. The ligation efficiency was 

compared between customized adapters containing different barcodes to ensure 

comparability of library preparation (Publication III, Figure 6). In comparison to the 

commercial standard protocol (deploying linear adapters), our developed Y adapters result 

in an approximately two-fold higher library yield (Publication III, Figure 8). Additionally, 

no negative interferences with the sequencing process were observed, and overall 

diminished amounts of adapter dimers were determined. Therefore, the developed Y-

adapters enable a highly efficient library preparation for a markedly improved sequencing 

protocol on Ion Torrent platforms.  
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Furthermore, due to the adaptation, the workflow is now unified (and automatable) for 

sample preparation for shot-gun sequencing on both Illumina and Ion Torrent platforms, 

thereby expanding the “one serves all concept” (69, 70). While this “one sample workflow 

for two platforms” may not comprise additional benefit for diagnostic metagenomics, it 

holds advantages for laboratories that also perform other high-throughput applications on 

Illumina platforms. 

5.3 Proof-of-principle: Identification of a novel picornavirus 

The improved library preparation method deploying Y adapters was successfully 

applied in the discovery of a distant novel picornavirus in lambs in UK (Publication IV). 

Young lambs of 2-3 weeks of age in a Scottish flock developed progressive neurological signs. 

Some of the lambs progressed to death, others recovered apart from residual slight paresis 

in one limb. The organ panel sampled by the veterinarian included cerebrum, agglutinated 

blood, serum, kidney, liver, and spleen. Neuropathological examination revealed 

polioencephalomyelitis typical of a neurotropic viral infection (Publication IV, Figure 1), 

therefore, the cerebrum was chosen as appropriate starting material for a diagnostic 

metagenomics approach. The libraries were prepared by using Y-adapters for sequencing on 

Ion Torrent platforms, enabling a higher conversion of sample to library. The resulting 

metagenomic shot-gun dataset (2.0 million reads) was analyzed by the taxonomic 

classification software pipeline RIEMS (80), with 99.97% of the reads classified. Thereof, 

five reads were identified as viral sequence (Table 4), with no indication of potential 

sequencing cross-contamination.  

Table 4: Viral hits of the metagenomic analysis result on the diseased lamb’s cerebellum. 

Family Species Tax-ID counts 

Identity in 

megablast 

vs ntdb 

Identity in 

blastn vs 

ntdb 

Picornaviridae Human rhinovirus sp. 169066 1 0 81.33 

Arenaviridae Lassa mammarenavirus 11620 3 98.46 95.75-98.42 

Bunyaviridae Tete virus 35319 1 95.65 0 

ntdb = nucleotide database 

 

Of the five reads classified to viral families, only the read belonging to the family 

Picornaviridae was of reliable viral origin. The other four are “misclassifications” due to 

flawed sequences in the public databases, once more demonstrating the need for careful 

evaluation of all metagenomics analysis results. The 326 bp-read classified to Human 
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rhinovirus sp. had highest sequence identities with 5’ untranslated regions (5’-UTR) of 

human rhinoviruses (genus Enterovirus). The presented signs of disease in the lambs, 

including paresis, distantly reminded of human poliovirus (also genus Enterovirus) (90). For 

further validation and screening, the viral read was used to design a quantitative reverse 

transcription PCR (RT-qPCR) (Publication IV). All of the lamb’s organs were screened, with 

only the cerebrum reacting positive with Cq 29. For exclusion of a potential background 

finding, another animal, diseased from a compressed spinal cord but without any hints for 

a polioencephalomyelitis, was tested by the developed RT-qPCR, with negative results. In 

the next lambing season, several lambs were affected with similar signs, this time in a flock 

in Wales. A slightly different organ panel was taken from three lambs for investigation, 

comprising cerebellum, spinal cord, cerebrum, ileum, tonsil, mesenteric lymph node, lung 

and spleen. The cerebellum and the spinal cord reacted highly positive in the RT-qPCR 

designed on the one viral read of the metagenomics approach (Table 5). After performing a 

diagnostic metagenomics approach on two spinal cord samples, several hundred sequencing 

reads were classified to the family Picornaviridae (Publication IV). Overall, the reads 

exhibited relatively low nucleotide identities (64.8-96.8%) to known sequences and were 

binned into different genera (Enterovirus and Sapelovirus) and several unclassified species. 

A considerable proportion of reads was only classified after translation into amino acid 

sequences with subsequent searches for similar sequences in the protein database. Reads 

related to the family Picornaviridae were de novo assembled, resulting in a nearly complete 

genome of a novel virus that was tentatively named ovine picornavirus. The viral genome 

contains 7.5 kb and is only very distantly related to known picornaviruses, thereby 

impressively demonstrating the capacity of the optimized diagnostic metagenomics 

pipeline. The nearest relatives known to date, as determined by nucleotide alignments and 

phylogenetic analysis, are a bovine picornavirus (91) with 58% nucleotide sequence identity 

and a canine picornavirus (92) with 54% nucleotide sequence identity (Publication IV, 

Figure 2). 

5.4 Importance of sample selection 

A platform-independent obstacle of unbiased shot-gun sequencing of clinical 

specimens is the huge proportion of the host’s “background” reads reducing the sensitivity. 

Therefore, it is pivotal to pick the “right” sample(s) to start with, as tropism and sample 

integrity play a considerable role for pathogen detection. In diagnostic metagenomics, the 

choice of sample is mostly based on previous observations, e.g. clinical signs and pathology, 
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and availability of sample material. The case of the identification of the novel picornavirus 

in the lambs highlights the importance of adequate sampling for diagnostic metagenomics: 

The lambs showed progressive neurological signs, and the first organ panel only comprised 

cerebrum, agglutinated blood, serum, kidney, liver and spleen, with the cerebrum as the 

most promising candidate for a metagenomic approach. Anyhow, the viral load in the 

cerebrum was sufficient for the detection of one viral read. In the following lambing season, 

a different organ panel was sampled and tested with RT-qPCR, revealing a much higher viral 

load in the spinal cord and cerebellum. A direct diagnostic metagenomics approach on these 

samples in the beginning would have simplified virus identification including de novo 

assembly of the whole viral genome.  

Table 5: Tropism of the ovine picornavirus as determined by RT-qPCR. 

Organ material of affected lambs in Wales Cq in RT-qPCR 

Cerebellum 18 - 21 

Spinal cord 18 - 21 

Cerebrum 26 - 30 

Ileum 29 - 32 

Tonsil 32 - 36 

Mesenteric lymph node 34 - 36 

Lung N/A 

Spleen N/A 

N/A: No detection in 45 cycles. 

 

Different approaches are available to increase the sensitivity of viral detection, 

including e.g. the concentration of virus particles and/or the removal of non-viral nucleic 

acid (93-96), or subtractive hybridization of the DNA of diseased and control subjects (97, 

98). Nevertheless, these procedures all involve additional steps in sample preparation, 

resulting in sample manipulation that could also lead to information loss. 

Sample integrity is another factor massively influencing the outcome of diagnostic 

metagenomics. Especially RNA is degraded considerably fast, leading to the 

recommendation to freeze samples directly after taking. In contrast, for some diagnostic 

applications, e.g. pathology, samples are routinely fixed in formalin and embedded in 

paraffin (FFPE) (99). While this process preserves tissue for hundreds of years, it crosslinks 

DNA, RNA and proteins, leading to nucleic acid modification and fragmentation (100). 

Nevertheless, numerous clinical samples were preserved using this method in the last 

decades, constituting a unique source of archived and morphologically defined clinical 

specimens for researchers in different fields (101-106). The best source for diagnostic 

metagenomics are directly frozen and otherwise untreated samples, however, when such 
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requirements cannot be met, FFPE specimens can constitute a valuable source of 

information.  

In the study of etiology in diseased organ transplant recipients (Publication II), 

untreated material of the transplant recipient 2 was unfortunately not available and only 

FFPE brain tissue could be used for diagnostic metagenomics. In addition, the transplanted 

kidney of recipient 1 was explanted and fixed when his condition deteriorated. The impaired 

RNA extracted from FFPE tissue proved to be challenging for the diagnostic metagenomics 

workflow: Deploying the standard procedure, which is optimized for a mean read length of 

400 bp, only minute amounts of library could be prepared, resulting in a very small 

sequencing dataset of 8,282 reads. Thereof, 54 reads were assigned to BoDV-1. To meet the 

requirements of the highly degraded RNA, adjustments were made to the workflow, namely 

a) fragmentation of the complete cDNA to 200bp, b) after library preparation only a 

purification step instead of size selection and c) eight to ten cycles of amplification (if 

necessary) with subsequent purification. Sequencing was performed on an Ion S5 540 chip 

resulting in a data set of 45 million short reads (mean read length of 200bp), comprising 

over one million BoDV-1 reads. While both workflows started on the same batch of extracted 

RNA, the adapted version delivered a substantially higher amount of reads, enabling the 

assembly of two identical nearly complete BoDV-1 genome sequences (Publication II, Figure 

S3). Hence, three identical BoDV-1 genomes from two deceased patients and the 

transplanted kidney were collected in total, providing a strong clue for the cause of disease. 

Similarly, to investigate whether the newly detected ovine picornavirus emerged in the 

2016 lambing season or whether it has been present in the UK for an extended period, 

archived cases of polioencephalitis of undetermined cause, all consisting of FFPE material, 

were tested with diagnostic metagenomics (Publication IV, Table 2). In this case, the 

adapted FFPE workflow also comprised the ligation of the customized, efficient Y adapters, 

with satisfying results. Several cases of infection with ovine picornavirus were identified in 

different breeds and flocks in England, ranging from 1998 to 2014. These findings suggest a 

broader distribution of the virus, as well as genetic variation, based on the assembled virus 

sequences.  

5.5 Validation of diagnostic metagenomics analysis results 

While metagenomics is often praised as the perfect tool for the discovery of novel 

viruses, it also generates a massive amount of genetic data, deposited in public databases, 

missing important metadata. This knowledge about the sequences without additional 
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information, e.g. sampling reason and characteristics, clinical signs and further findings, 

might take the possibility to derive further conclusions when detected again in other 

circumstances.  

However, the etiologic agent in a disease cannot be determined by diagnostic 

metagenomics alone. Identified viruses could be commensally present without contribution 

to disease. For example, Torque Teno virus was originally associated with severe post-

transfusion hepatitis (107-109), and subsequently shown to be a common viral commensal 

(110). The fulfillment of Henle-Loeffler-Koch’s postulates as a guideline for determination 

of disease causation is often not feasible as it requires isolation of the putative pathogen and 

infection of healthy individuals. Therefore, the application of the adapted form for 

unculturable etiological agents, named metagenomic Koch’s postulates, was suggested by 

Mokili and colleagues (26), which focuses on the identification of “metagenomics traits” in 

diseased subjects. These traits include sequence reads, assembled contigs, genes or full-

genomes, which uniquely distinguish the metagenomes obtained from diseased and 

matching healthy individuals. After inoculation, healthy subjects develop the disease with 

the acquisition (or increase) of corresponding metagenomics traits, if the traits form the 

etiology of the disease. If the traits are diverse, serial-dilution or time-point sampling of 

specimens should be performed, to unambiguously identify the pathogen responsible. In 

this thesis, the traits identified by diagnostic metagenomics were further validated and 

supported by independent methods, e.g. by PCR and in situ hybridization, virus isolation, 

electron microscopy, presence of viral protein by immunohistochemistry and screening of 

further diseased hosts (Table 6).  

Table 6: Applied methods for verification of results obtained with diagnostic metagenomics in this 
thesis. 

 

Novel 

respirovirus 

(Publication I) 

Unexpected 

bornavirus 

(Publication II) 

Novel 

picornavirus 

(Publication IV) 

RT-qPCR x x x 

In situ hybridization  x x 

Virus isolation x o o 

Electron microscopy x  o 

Immunohistochemistry  x  

Correlation of diseased cases  x x 

Correlation with histopathology x x x 

x: Performed, o: attempted. 

  



Results and Discussion 

112 

The analysis of phylogenetic relationships can further support the characterization of 

novel viruses, in terms of comparison to known viruses and e.g. deduction of potential host 

species or geographic origin (111-114). Since it is a purely theoretical technique, its 

contributions have to be interpreted carefully in the context of experimental findings, 

nevertheless, it may at least help the designation of novel viruses. The unique position of 

the novel giant squirrel respirovirus between murine and human respiroviruses is 

remarkable (Publication I, Figure 5) and demonstrates the need for further research 

regarding its zoonotic potential. The ovine picornavirus clusters with a group of unclassified 

picornaviruses, which might constitute a novel genus, related to the genera Sapelovirus and 

Enterovirus (Publication IV, Figure 2). In the unexpected finding of BoDV-1 virus in the 

organ transplant recipients, highest values of nucleotide sequence identities were found 

with a cluster of partial genome sequences of BoDV-1 field isolates originating from shrews 

and horses in Bavaria (Publication II, Figure 1B and S2). The animals might have played a 

role in the infection, as the organ donor spent all of his life in the Allgäu region of Bavaria. 

 

Taken together, the presented work clearly demonstrates that diagnostic 

metagenomics based on high-throughput sequencing is an effective instrument for 

unbiased investigations into viral infections. In this thesis, two novel viruses were identified 

and characterized, the giant squirrel respirovirus and the ovine picornavirus, both 

associated with severe disease in their respective hosts. Additionally, Borna disease virus 1 

as a presumed non-zoonotic virus was identified for the first time in organ transplant 

recipients with fatal disease. Most importantly, platform-specific barriers regarding cross-

contamination and sample preparation were identified and the corresponding advantages 

combined in the development of Y-adapters for Ion Torrent sequencing, thereby achieving 

the goal of optimizing the metagenomics workflow on real diagnostic samples. Additionally, 

this workflow adaptation was successfully applied in the discovery of the very distantly 

related ovine picornavirus, highlighting the potential of the optimized pipeline. Choice of 

sample and sample integrity are factors significantly influencing metagenomic results. 

Workflow adaptations for FFPE specimens allowed the detection and genome assembly of 

identical BoDV-1 genomes in organ transplant recipients and ovine picornavirus genomes 

in several archived cases, with the oldest from 1998. As shown on all three examples of novel 

and emerging viruses, diagnostic metagenomics results have to be thoroughly evaluated to 

exclude misdiagnosis and should always be further supported by additional experimental 
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methods. In the future, the benefits of diagnostic metagenomics will certainly further 

improve and subsequently result in its broad implementation in standard diagnostics. 
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6 Summary 

The advances in high-throughput sequencing technologies have revolutionized the 

possibilities for pathogen identification in cases of unknown disease origin. Diagnostic 

metagenomics allows the unbiased and simultaneous detection of almost all nucleic acids 

in a clinical sample, with the potential to provide pivotal insights into otherwise 

undeterminable causes of human or animal disease.  

In this thesis, possibilities, pitfalls and the suitability of Ion Torrent and Illumina 

sequencing platforms for comprehensive use in diagnostic metagenomics were assessed and 

optimized procedures developed. Clinical field samples, undiagnosable by standard 

diagnostics, were taken as real-life examples for the investigations. The results show that 

cross-contamination due to index swapping and run-to-run-carryover constitute a major 

issue on Illumina platforms, severely compromising the correct interpretation of results for 

clinical specimens. In contrast, Ion Torrent platforms did not display any form of cross-

contamination, however, the commercial library preparation method is less efficient. 

Combining the advantages of both platforms, customized Y-adapters, facilitating highly 

efficient library preparation, were developed for Ion Torrent sequencing and applied in 

further experiments. The obstacles of strongly degraded RNA in formalin-fixed paraffin-

embedded samples were identified and the workflow adapted to meet the requirements of 

smaller fragments. Additionally, it was shown that adequate sampling is a very important 

step, if not the most important step, in the workflow, as well as subsequent validation of the 

obtained results in terms of causation. The achievements in this study allow other 

researchers the application of a sensitive and optimized diagnostic metagenomics workflow. 

Furthermore, the investigations on the clinical samples resulted in the discovery of a 

novel respirovirus with putative zoonotic potential, the first description of Borna disease 

virus 1 in human organ transplant recipients, and the discovery of a very distantly related 

novel ovine picornavirus. These discoveries build a basis for further research and expand 

the knowledge regarding new and emerging viruses. 
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7 Zusammenfassung 

Die Möglichkeiten der Identifizierung von Pathogenen in Krankheitsfällen 

unbekannter Ursache wurden durch den technischen Fortschritt im Bereich der 

Hochdurchsatz-Sequenzierung enorm erweitert. Die diagnostische Metagenomanalyse 

ermöglicht mit der Erfassung nahezu aller Nukleinsäuren einer klinischen Probe eine 

ergebnisoffene Untersuchung und bietet damit zentrale Erkenntnisgewinne in Fällen, die 

mit etablierter Standard-Diagnostik nicht aufgeklärt werden können.  

In dieser Arbeit wurden die Möglichkeiten und Schwierigkeiten sowie die Eignung der 

Sequenzierplattformen Illumina und Ion Torrent im Hinblick auf einen breiten Einsatz der 

Metagenomanalyse in der Diagnostik untersucht und optimierte Ansätze entwickelt. Für 

die Untersuchungen wurden echte Feldproben herangezogen, bei denen die Ursache der 

Erkrankung mit Standard-Diagnostik nicht aufklärbar war. Kreuz-Kontaminationen 

aufgrund von Index-Austauschen und Verschleppungen zwischen den Läufen stellten bei 

der getesteten Illumina-Plattform ein bedeutendes Problem dar, wodurch die korrekte 

Interpretation der Ergebnisse im Hinblick auf das potentielle Pathogen erheblich erschwert 

wurde. Bei den getesteten Ion Torrent-Plattformen trat diese Art der Kontaminationen 

nicht auf, allerdings ist die kommerzielle Methode zur Vorbereitung der Sequenz-Bibliothek 

weniger effizient. Daher wurden individuell zugeschnittene Y-Adapter für Ion Torrent-

Sequenzierungen aufwändig entwickelt und in weiteren Versuchen angewandt. Weiterhin 

wurden Hürden bei der Untersuchung stark degradierter RNA von formalinfixiertem und 

in Paraffin eingebettetem Gewebe identifiziert und der Workflow entsprechend der 

Anforderungen angepasst. Die Bedeutung einer adäquaten Probennahme als wesentlicher 

Schritt des Workflows und die Validierung der erhaltenen Ergebnisse im Hinblick auf die 

Ursache wurden verdeutlicht. Die Ergebnisse dieser Studie ermöglichen die Anwendung 

eines optimierten, sehr sensitiven und verlässlichen Workflows für die diagnostische 

Metagenomanalyse. 

Des Weiteren resultierten die Untersuchungen der klinischen Proben in der 

Entdeckung eines neuen Respirovirus mit putativem zoonotischen Potential, der ersten 

Beschreibung des Borna disease virus 1 in humanen Organtransplantat-Empfängern und der 
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Entdeckung eines neuen ovinen Picornavirus, das phylogenetisch sehr weit von bekannten 

Picornaviren entfernt ist. Damit leisten diese Entdeckungen einen wichtigen Beitrag zur 

Identifizierung bisher unbekannter Viren und bilden eine Grundlage für weitere 

Forschungsansätze. 
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