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1. Introduction 

A decade after the completion of the human genome project (1, 2), with costs of about 3 

billion dollars (3), the company “Illumina” claims their latest next-generation sequencing 

(NGS) system, the HiSeq X ten, can deep-sequence a human genome for as less as 

1000 $ (4). This most obviously displays the development of sequencing technologies 

over the last few years. Described by Sanger et al. in 1977 (5) the chain-termination 

method (also known as didesoxy-method) remained the dominant technology for over 

30 years despite disadvantages like enormous costs for larger genomes, amplification via 

PCR or cloning, and restrictions in scalability. In 2000, “massively parallel signature 

sequencing” (6) was described as the first NGS-technology, but it took five more years 

for the “454 pyrosequencing technology” to become commercially successful (7). Next 

to 454 (454 Life Sciences, Branford, USA), Illumina sequencing (Illumina, San Diego, USA) 

(8) and Ion Torrent sequencing (Life Technologies, Carlsbad, USA) (9) became the leading 

NGS-technologies in recent years. While for all three sequencing platforms a clonal 

amplification step is required, the development is towards single molecular real-time 

(SMRT) sequencing as introduced by Pacific Bioscience (Menlo Park, USA) in 2009 (10), 

and the so-called “nanopore sequencing” as currently available within the MinIon access 

program (MAP; Oxford Nanopore, Oxford, UK) (11, 12). Consequently, the third 

generation of sequencing technologies is defined by evading amplification and by 

generating read lengths of currently up to 60.000 base pairs (bp) in average (13).  

With these tools in hand, one can imagine the possibilities for whole-genome 

sequencing (14), metagenomics (15, 16), transcriptome analysis (17-19) and medical 

research (reviewed in (20)) e.g. for pathogen identification (21-25) and epidemiology 

(26). Moreover, applications like ChIP-Seq (chromatin immunoprecipitation sequencing) 

(27, 28), RNA-Seq (transcriptome sequencing) (29) and ribosome profiling (30) have 

extended the use of NGS in the last years (reviewed in (3) and (31)). More and more, 

these tools also gain importance in animal health as on the one hand pathogens might 

have a zoonotic potential and pose not only a threat to animal populations but as well as 

to humans, and on the other hand can have a huge economic impact in an outbreak 

scenario. Examples are the 2009 pandemic influenza virus H1N1 (32) which resulted in 

about 61 million cases with ca. 12.000 human deaths in the USA (33), or highly 
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pathogenic avian influenza (34) and foot-and-mouth disease (FMD) (35) where economic 

losses run into billions (34, 35).  

Here, the potential of NGS was used for the identification and whole-genome 

sequencing of epizootic and zoonotic pathogens as well as the molecular 

characterization of virus populations. Sequencing results were an important basis for the 

establishment of novel diagnostic tools and led to a better understanding of virus 

transmission, pathogenicity and its associated diseases. 

 

1.1 Next-Generation Sequencing (NGS) 

NGS comprises all technologies succeeding the classical Sanger sequencing method. 

With the introduction of the first commercially available NGS-instruments the field of 

sequencing was revolutionized by the enormous drop of sequencing costs (figure 1), and 

the increase in sequencing output resulting in a very large number of small sequence 

fragments (so-called “reads”). 

     

Figure 1 Development of sequencing costs per human genome over time (status October 2015 
(36)). Y-axis in logarithmic scale  
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This trend clearly displays the potential of NGS, and the 1000 $ genome as claimed by 

Illumina is very close. This makes it suitable for a broad range of applications and allows 

the detection of before unknown pathogens or pathogen variants. 

At the moment NGS technologies can be distinguished into the second and the third 

generation of sequencing. The technologies of the second generation (e.g. 454, Illumina 

and Ion Torrent sequencing) share some common features like (i) comparable sample 

preparation procedures, further referred to as library preparations, (ii) the requirement 

of a clonal amplification step prior to sequencing, and (iii) a parallelized sequencing 

workflow resulting in an output of millions of reads. 

The library preparation follows a certain pattern (figure 2). First, a fragmentation of 

double stranded DNA is required. This can be managed physically (sonication or 

nebulization) or enzymatically (37) while the fragment size differs for the technologies 

(300-1,000 bp). In this regard, the physical fragmentation might be preferred as it leads 

to less insertions/deletions within raw sequence data (37). Subsequently, fragment end-

repair followed by A-tailing (only for Illumina and 454 pyrosequencing) is performed. 

The library preparation is finalized by adapter ligation which is needed for sequencing 

and may include a barcode sequence. The barcode sequence, also referred to as index 

sequence, enables the separation of reads if multiple libraries are sequenced within one 

sequencing run. Usually a y-shaped adapter is used which combines two different 

adapter sequences and therefore two adapter sequences are added in one ligation step 

(reviewed in (38)).  

 

Figure 2 Schematic presentation of the library preparation. dsDNA is fragmented followed by 
end repair and A-tailing. Subsequently, adapters are ligated to both ends of the dsDNA 
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Prior to sequencing of these DNA libraries a clonal amplification is required in which 

each DNA molecule within the library is independently amplified. This step is necessary 

for a sufficient signal during the sequencing process and is platform specific. In the 

following the different sequencing platforms will be explained in more detail. The main 

properties of these sequencing technologies are summarized in table 1.  

Table 1 Summary of available sequencing technologies, adapted from (39, 40) 

Method 454 
(Pyrosequencing) 

Illumina 
(Sequencing by 

synthesis) 
Ion Torrent  

(Ion semiconductor 
sequencing) 

Pacific Bio 
(Single molecule 

real-time 
sequencing) 

Oxford Nanopore1 
(Nanopore 

sequencing) 

Read Length Up to 1000 bp 50 to 300 bp Up to 400 bp 5,000 bp to  
 ~60,000 bp Up to 300 kb 

Accuracy  99.9% 99.9% ≥99.1% 99.999% 
consensus read 
89% single read  

Up to 96%  
single read 

Reads per 
Run 1 Mio Up to 3 Bill. Up to 80 Mio. 

50,000 per  
SMRT cell (7x 

higher for 
Sequel) 

600.000 

Time per 
Run 24 h 1-6 days 2-7 h 30 minutes to 6 h 1 minute to 48 h 

Costs per 1 
Mio. bases *  $10 $0.05-$0.15 $1 $0.75-$1.50 Not available 

Advantages Long read length, 
fast 

High throughput, 
lowest price per 

base 
Less expensive 

equipment, 
 fast 

longest read 
length, fast,  
detection of 
modification  

Small device, 
possible field 
application 

Dis-
advantages 

Expensive 
reagents, 

homopolymeric 
errors 

Expensive 
equipment, 

contaminations 
homopolymeric   

errors 
Moderate 

throughput, 
expensive 
equipment 

High error rate,  
still in testing 

bp – base pairs 
*price in US-$,  
1 currently only available within the early MinIon access program (MAP) (11) 
 
 

1.1.1 454 pyrosequencing 

The principle of pyrosequencing was already described in 1996 by Ronaghi et al. (41) but 

it took nine additional years until the first 454 pyrosequencer (454 Genome Sequencer 

20) was commercially available (7, 42). Starting with a read length of around 100 bp, 

further development enabled fragment (read) lengths of up to 1,000 bp, and hence the 

longest for the second-generation sequencing platforms (43). Within 24 h, the 454 GS 

FLX+ is able to generate about 1 million reads with an average length of 700 bp per 

sequencing run (44). 
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Library preparation follows the above mentioned principle. For the subsequent clonal 

amplification, an emulsion PCR (emPCR) (45) is used. Within a water-in-oil emulsion 

each water droplet forms a microreactor which contains statistically one bead, one DNA 

library molecule and dNTPs and DNA-polymerase necessary for the amplification 

process. This allows millions of independent parallel bead-bound PCRs. These beads are 

subsequently loaded to a “pico-titerplate” (PTP). The PTP wells fit one bead and function 

as separate reaction containments (figure 3) (7).  

 

Figure 3 Schematic display of emulsion PCR and PTP loading (from (46)) 

The sequence of each DNA-fragment is determined while the second strand is 

synthesized. The principle of pyrosequencing is the quantification of released 

pyrophosphate (PPi) during nucleotide (nt) incorporation by the DNA polymerase. The 

released PPi is used by the enzyme ATP sulfurylase which catalyzes the synthesis of 

adenosyltriphosphate (ATP) from adenosine 5′-phosphosulfate (APS) and PPi. ATP is 

subsequently used for the oxidation of luciferin to oxyluciferin by luciferase leading to 

the release of one photon (41, 47) which is detected by a CCD sensor. Non-used ATP and 

dNTPs are degraded after every reaction cycle by apyrase to prevent any carry-over 

during the next polymerase reaction cycle (7). During sequencing, images are taken after 

every reaction cycle. Those are overlaid, and for each well the final sequence is 

calculated. The intensity of light detected by the camera is linear to the amount of 

dNTPs incorporated. However, the linearity of light detected to the amount of dNTPs 

being incorporated is restricted (7). This leads to errors in sequence regions consisting of 

three or more consecutive identical bases (so-called “homopolymeric errors”). 

Nevertheless, an accuracy of 99.99% is reached which not only facilitates whole-genome 

sequencing but also the detection of single nucleotide polymorphisms (SNPs) (7, 44).  
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1.1.2 Illumina sequencing 

The first sequencer (Illumina Genome Analyzer) from Illumina (former Solexa, 

Cambridge, UK) was introduced in 2006, starting with read lengths of 35 bp on average. 

Further development led to read lengths of currently 300 bp (Illumina MiSeq) and data 

output of up to 6 billion paired-end reads per sequencing run (HiSeq X ten), depending 

on the instrument (48). Therefore, Illumina is in the lead for the lowest sequencing costs 

per million bases as well as for the highest sequencing throughput per run (reviewed in 

(3)). 

With the same library preparation, as described above, the method of clonal 

amplification and sequencing differs for Illumina sequencing. Here, adapter-ligated DNA 

fragments are hybridized on a densely primer-coated surface, the flowcell. The second 

strand is synthesized leading to an immobilized DNA fragment on the flowcell surface 

while the original input molecule is washed away. In a next step, the DNA fragment 

hybridizes with the adapter sequence of its 3’-end to one of the primers on the surface 

forming a “bridge”. Subsequently, the DNA-fragment is amplified by an isothermal 

“bridge amplification” leading to clonal clusters on the flowcell (figure 4). Finally, for 

sequencing one strand is cleaved off (8). 

 

Figure 4 Schematic display of the concept of bridge amplification (from (49)). Single-stranded 
(ss)DNA library molecules are immobilized on the flowcell surface. Red and blue represent 
different ssDNA molecules. They form a “bridge” by hybridization of primer sequences and the 
second strand is synthesized. Several rounds of amplification lead to clusters on the flowcell. 

For sequencing, 3’-O-protected and dye-labeled nucleotides are pumped across the 

flowcell and the nucleotides compete for the incorporation by an engineered 

polymerase (8). The competition of all four nucleotides leads to a lower false 

incorporation rate. As the nucleotides are 3’-O-protected, the elongation terminates 

after one incorporated base. Now the laser-induced excitation of the fluorophores is 

detected by a camera and afterwards the 3’-O-protection group and the dye are cleaved 
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off to start a new cycle (8). Illumina sequencing involves standard paired-end 

sequencing, meaning that both strands of a DNA library are sequenced. Therefore, the 

second strand is re-synthesized and the first strand is cleaved off and washed away. Now 

the second strand can be used as a template for sequencing (8). Figure 5 schematically 

depicts the principle of the Illumina paired-end sequencing.  

 

Figure 5 Schematic presentation of Illumina paired-end sequencing. One strand is cut off the 
surface and the remaining one is sequenced. The second strand is afterwards re-synthesized. 
The already sequenced strand is cleavedcut off and the second strand is sequenced. Asterisks 
mark cleavage sites (8). 

An overlay of all images for all cycles results in the final sequences for each cluster with 

each strand handled separately. As only one nucleotide is incorporated in each cycle this 

reduces the error rate in homopolymeric regions. Additionally, the paired-end 

sequencing may enable a reduced error rate as random errors are supposed to be only 

covered by one strand (50). In contrast, the flowcell has no defined “reaction chambers” 

and cluster generation occurs statistically. Therefore, clusters may overlap and can 

subsequently result in a decrease in quality and data output. Furthermore, a GC-bias for 

Illumina sequencing has been reported (51). Another disadvantage of Illumina 

sequencing is that after the immobilization of a DNA-fragment for cluster generation, 

the original DNA-fragment is washed away. Consequently, errors occurring during this 

step are manifested within the cluster. Due to its instrument construction, the Illumina 

can also suffer from cross-contaminations between sequencing runs (52) making it less 

suitable for metagenomic approaches.  
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1.1.3 Ion Torrent sequencing 

The first Ion Torrent sequencer, the Ion Personal Genome Machine (Ion PGM), was 

released in 2010 by Life Technologies as “a sequencing system that is simpler, faster, less 

expensive and more scalable than other sequencing technologies” (53). Ion Torrent 

sequencing, also named Ion semiconductor sequencing, uses a semiconductor-based 

technology and is therefore the first NGS instrument without optical detection for base 

incorporation (9). With read lengths of up to 400 bases, 400 thousand to 5.5 million 

reads (depending on the chip size used) are currently feasible with the Ion PGM. 

Library preparation differs from the above mentioned principle as the A-tailing is 

skipped in favor of a blunt-end ligation approach. Additionally, no y-shape adapters are 

used but in contrast two different adapters are included: one universal adapter and one 

adapter containing a barcode sequence. Therefore, only one half of the prepared library 

is functional for sequencing as both of the adapters are needed at either end of the DNA 

fragment for sequencing (figure 6) (38). 

 

Figure 6 Schematic presentations of possible adapter ligation products 

For clonal amplification, Ion Torrent sequencing picks up the concept of emPCR and 

bead-bound DNA-fragments (45). As for the 454 pyrosequencing technology, one bead is 

finally loaded to one well of a chip for independent detection of base incorporation of 

each DNA clone. dNTPs are pumped across the chip separately for the detection of base 

incorporation. The principle of Ion Torrent sequencing is the measurement of pH-change 

through the release of H+ protons during nucleotide incorporation. The change in pH is 

linear to the number of nucleotides incorporated (9). This leads to the same problem of 

homopolymeric errors like for 454 pyrosequencing since the detected change of pH is 

only linear over a limited range of released H+. Additionally, Ion Torrent sequencing like 

Illumina sequencing possesses a GC-bias (54). One of the advantages of Ion Torrent 

sequencing is that the sample is directly loaded to the chip which reduces cross-



Next-Generation Sequencing (NGS) | 9 

 

contamination between sequencing runs. Additionally, the scalability of the amount of 

generated data by using different chip sizes allows the sequencing of a single sample per 

sequencing run at a reasonable price (55). This further reduces the contamination by 

other samples and makes it especially suitable for metagenomics approaches.  

 

1.1.4 Third-generation sequencing and future perspectives 

The second generation of sequencing is characterized by the need of clonal amplification 

for signal enhancement which imposes the risk of introducing errors into the sequencing 

results. Therefore the trend is now towards the so-called single molecule sequencing 

without the need of sample manipulation by amplification. Pacific Bioscience introduced 

the SMRT sequencing (single molecule, real-time sequencing) technology in 2009 as the 

first third-generation sequencing method and made it commercially available in 2011 

with the PacBio RS instrument. This technique makes it possible to detect the 

incorporation of nucleotides in real-time without the amplification of library fragments 

for signal enhancement (10, 56). Furthermore, it enables the sequencing of long DNA 

fragments of up to 60,000 bp (13). The occurring error rate can be reduced by the level 

of coverage as SMRT sequencing shows no systematic error and therefore the occurring 

errors are random. By adding hairpin adapters to the DNA fragments, circular DNA 

library molecules (also called SMRTbells) are generated which enables the sequencing of 

one molecule several times (57). The resulting read (a circular consensus sequence 

(CCS)) achieves a higher accuracy compared to single subreads (single pass reads). 

However, the accuracy of CCS reads correlates with the sequence length. While short 

reads will be sequenced several times resulting in a high accuracy, longer SMRTbells will 

be sequenced less often and therefore show a decrease in accuracy (reviewed in (58)). In 

addition to nucleotide detection also modifications can be identified by the time needed 

for the incorporation of the corresponding base. Therefore, this technique can also be 

used to determine the level of DNA modification within the cell, like methylation 

patterns (59-61).  

Another approach for third-generation sequencing, the nanopore technology, is pursued 

by Oxford Nanopore. Although the concept of using nanopores for sequencing dates 
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back almost 20 years (62) the first nanopore sequencer was released within an early 

access program (MinIon Access Program (MAP)) by Oxford Nanopore in 2014 (11). The 

constant development of this technique led to a consensus accuracy of 99% for the 

sequencing of PCR products as recently described by Wang et al. for Influenza A virus 

(H3N2) (63). According to Oxford Nanopore the base calling accuracy has reached 96% 

and read lengths of up to 300 kb have been reported (64). Additionally, as DNA is 

directly processed, this enables the possibility to detect modifications like methylation. 

Furthermore, this technique is not only suitable for DNA templates but also for RNA or 

other biomolecules which can pass the pore (65). Thus, this technology could be suitable 

for a broad range of applications. With a sequencer size not bigger than a hand and 

equipped with a USB 3.0 connection this sequencer can be used everywhere in 

combination with a laptop computer and internet connection which may also allow field 

applications (64). Taking the theoretically infinite read lengths into account, this 

technique could revolutionize the field of sequencing. In the moment further 

development is ongoing and a new early access program comparable to the MAP is 

planned for the PromethION, a benchtop system for nanopore sequencing (66).  

The disadvantages of third-generation sequencing technologies like nanopore and SMRT 

sequencing so far remain the relatively high error rates of single pass reads and the low 

data output for sufficient sequencing results (67-69).  

 

1.2 Applications and methods for NGS 

The huge amount of data output by NGS enables a broad range of applications which are 

summarized in table 2. In the following paragraphs applications commonly used in virus 

diagnostics and characterization are explained in more detail. 
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Table 2 Summary of applications of NGS 

Application Description References 

Whole-genome sequencing determination of genetic information of 
an organism or virus 

(14) 

Metagenomics/ 
Pathogen identification 

undirected whole DNA/RNA sequencing 
for e.g. composition comparison or 

pathogen detection 

(15, 16) 

Amplicon Seq Direct sequencing of PCR products for 
variant detection 

(70) 

Mate-pair/ 
Paired-end Seq 

long-insert paired-end sequencing for 
determination of contig orientation and 

to resolve repeat regions 

(71) 

RNA-Seq mRNA sequencing for transcriptome 
analysis 

(19) 

TRAP 
translating ribosome affinity 

purification 

translatome analysis (72) 

FRT-Seq 
flowcell reverse transcription 

sequencing 

direct mRNA sequencing without prior 
cDNA synthesis and amplification 

(73) 

NET-Seq 
native elongating transcript 

sequencing 

Investigation of rapidly degraded mRNA 
and co-transcriptional events in vivo 

(74) 

SHAPE-Seq 
selective 2’-hydroxyl acylation 
analyzed by primer extension 

sequencing 

RNA secondary structure analysis (75, 76) 

Hi-C 
High-throughput chromosome 

conformation capture (3C) 

Analysis of the three-dimensional folding 
of chromosomes to identify long-range 

interactions  

(77) 

ChIP-Seq 
chromatin immunoprecipitation 

sequencing 

Identification of DNA sequences bound 
by transcription factors 

(28) 

FAIRE-Seq 
formaldehyde-assisted isolation of 

regulatory elements 

Identification of functional regulatory 
elements 

(78) 

RIP-Seq/CLIP-Seq 
ribonucleoportein /crosslinking 

immune-precipitation sequencing 

Investigation of RNA-protein interactions (79, 80) 

Ig-Seq 
immunoglobulin genes sequencing 

Determination of the antibody gene 
repertoire 

(81) 

PhIT-Seq 
phenotypic interrogation via tag 

sequencing 

Examination of mutant alleles (82) 
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1.2.1 Metagenomics and pathogen identification 

According to Chen and Pachter (83) “Metagenomics is the application of modern 

genomics techniques to the study of communities of microbial organisms directly in 

their natural environments, bypassing the need for isolation and lab cultivation of 

individual species”. Hence, metagenomics analyzes the genomic composition of a given 

sample and so far unknown pathogens may be detected. Therefore, NGS harbors a great 

potential if new or unexpected viruses emerge. If classical diagnostic methods for the 

pathogen identification, like virus isolation, PCR or antigen detection fail due to 

insufficient similarity a metagenomics approach may be able to detect the genome of 

the pathogen by unbiased sequencing. Furthermore, the comparison of sample 

compositions of e.g. feces samples from pigs with different diet (84) is enabled by this 

approach.  

In general, for a metagenomics approach, no prior sequence information is needed and 

total DNA or RNA can be isolated from various sample materials. However, for pathogen 

detection especially the selection of the sample materials (time point of sample 

collection, kind of sample) is a crucial step. If a sample (e.g. organ sample, serum, blood, 

nasal swab) is taken at a time point where the pathogen of interest is not present any 

more or only at a very low amount (e.g. a blood-sample at a non-viremic time point) it is 

unlikely that it will be detected. Additionally, if DNA was taken for sequencing and the 

pathogen is an RNA virus, it is not possible to identify it. Hence, the sequencing of RNA 

may be preferred, since other pathogens, including DNA viruses will be also detected at 

the mRNA level (39). Subsequently, cDNA synthesis can be performed and a DNA library 

can be prepared and sequenced, followed by a suitable data analysis. The success of this 

approach was demonstrated by the identification of Schmallenberg virus in 2011 in dairy 

cattle where seven bunyavirus-related reads were detected within roughly 27,000 raw 

sequence reads (21). Another new bunyavirus was discovered by a metagenomics 

approach in patients suffering from fever, thrombocytopenia and leukopenia syndrome 

(FTLS) in China (23). Several other publications as well illustrate the success of 

metagenomics approaches (22, 24, 25, 85). 

As especially the genome size of the host exceeds the size of the viral genome by several 

orders of magnitudes this in consequence leads to a low abundance of viral RNA or DNA 
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within a sample compared to the host genome. Ribosomal RNA (rRNA) depletion (86) 

may be performed prior to library preparation to reduce the amount of host-specific 

sequences. However, rRNA depletion is only available for a few hosts (e.g. human, 

mouse, rat) (87) and therefore is not suitable for all samples. Furthermore, viral 

sequences may be removed by this kind of pretreatment, and thus a control without 

pretreatment would be required for all samples to exclude the removal of viral RNA. 

Another problem may be the amount of starting material  (e.g. organ sample, serum, 

blood, nasal swab) which can range from as little as 1 ng to 1 µg. Library preparation kits 

are available which are optimized for low amounts of starting material and require less 

hand-on time as fragmentation, end-polishing and adapter ligation are included in one 

single reaction using a transposon-based approach (88). However, PCR amplification is 

required within the protocol for a sufficient library concentration that may results in a 

PCR bias. Additionally, a GC-bias is reported using the Illumina technology which can 

lead to an uneven coverage of the generated sequences (89). For the Ion torrent 

platform a reduced data output was observed (90).  

 

1.2.2 Whole-genome sequencing 

If the pathogen is identified or already known, whole-genome sequencing might be 

desirable for subsequent phylogenetic analyses or epidemiological studies. For this 

purpose, library preparation can follow the previous mentioned procedures. Here again, 

a high amount of host sequences may be problematic for whole-genome sequencing of 

viruses. Viral enrichment like ultracentrifugation, nuclease digestion (91) or the above 

mentioned rRNA depletion (86) are some methods to enrich viral sequences or to get rid 

of the host sequences without any prior knowledge of the target sequences. Other 

approaches are the targeted amplification e.g. of a viral sequence by PCR or viral 

RNA/DNA capture assays (92), but this in contrast to the above mentioned methods 

requires detailed prior sequence information.  

For larger genomes which contain repeat regions one may apply mate-pair sequencing 

(paired-end sequencing for 454 pyrosequencing) which enables the determination of 

distances between sequences within the genome. This additional information can be 
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used to determine the order and orientation of contigs to build up a genome scaffold. 

For mate-pair sequencing, larger DNA fragments (2,000-15,000 bp) are circularized and 

tagged at the ligation site. Subsequently, the circularized DNA is fragmented to smaller 

fragments (300-1,000 bp depending on the platform) and tagged fragments are isolated. 

Finally, adapters are added for sequencing. The sequences left and right of the tag are 

separated by a predefined spacer which is taken into account by the de novo assembly 

software. The resulting scaffold gives an overview of the genome organization but may 

contain gaps (93). These gaps can subsequently be closed by PCR amplification and 

classical Sanger sequencing. 

 

1.2.3 Variant detection 

Due to its high data output, NGS allows sequencing at high coverage with each read 

representing an individual genome copy. In contrast, data generated by Sanger 

sequencing will always represent a consensus sequence only. In contrast, NGS can 

enable the detection and characterization of variants. This does not exclusively include 

the identification of single nucleotide polymorphisms (SNPs) or tissue specific sequence 

variations but can also include the comparison of genomes with respect to genome 

structure or the comparison of viral populations. For this purpose, whole-genome 

sequencing can be performed as described above or targeted sequencing for specific 

regions can be used. For targeted approaches, amplicon sequencing may be the 

technique of choice. The simplest method to prepare amplicon libraries for sequencing 

is the amplification of the region of interest with extended primers which contain 

adapters (94). Figure 7 shows this principle of amplicon library preparation with two 

steps of PCR.  
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Figure 7 Schematic representation of amplicon library preparation for Illumina sequencing. Blue 
displays the target-specific primer, green represents the adapter sequence. Different shades of 
green show different parts of the adapter sequence. The part containing the barcode sequence 
is highlighted in red. 

For amplicon sequencing (as well as for amplified DNA libraries) the above mentioned 

relationship of one read representing one individual genome copy does not apply. 

Furthermore, the errors introduced by PCR have to be taken into consideration during 

data analysis.  

For the detection of SNPs, the generated reads are finally mapped against a reference. 

Subsequently, the data can be analyzed with a broad range of software tools which is 

e.g. able to detect differences within these alignments (reviewed in (95)). Figure 8 shows 

schematically a section of an alignment with two variable positions. 

                                                                                                                                                                                                                                                                                                                                                        

 

Figure 8 Schematic example of reads mapped against a reference with SNPs marked by different 
colors 

On the basis of these mapping results the percentage of variants for each position can 

be determined. In the case of the example in figure 8 for the first position, 37.5% of the 
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reads contain a G instead of a T. For the second position 62.5% contain a C instead of an 

A, and therefore a C will be found in the consensus sequence. If the SNPs are in a close 

enough proximity (feasible by amplicon sequencing) it is also possible to define the 

haplotypes of the sequence. In the presented example, the four haplotypes T/A, T/C, 

G/C and G/A, represented by reads 1 to 4 are possible. For haplotyping also a bundle of 

software tools are available (96-99) but a short read length combined with a low 

distribution of variants may lead to false results. Fahnøe et al. (100) e.g. analyzed the 

viral populations of the classical swine fever virus isolate “Koslov” for low-level variants 

before and after inoculation, and found a reduced amount of variation as well as a lower 

frequency after re-isolation (100).  

With regard to structural variations within the genome, the above described mate-

pair/paired-end sequencing might be of great help (101, 102). Due to the additional 

distance information and its use in scaffold building, reorganization, inversion, insertion, 

duplication and linking events can be additionally detected (figure 9).  

 

Figure 9 Overview of genome structure changes which can be detected by mate-pair 
sequencing. Orange and blue arrows represent mate-pair sequences with the blue mate 
sequence following the orange one. (a) and (b) basic structural signatures where the insert size 
changes (a – larger insert size, b – smaller insert size). (c) basic signature where orientation of 
one of the mates changes. (d) linking event (dashed red line) of two distal segments within the 
reference. (e) insertion (dashed red line) from a different region of the genome. (f) tandem 
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duplication where mate pairs link the end of the duplication to the beginning in the donor 
sequence. (g) and (h) are split mappings where one mates fits good to the reference while the 
other does not. (i) insertion of a novel genomic segment where only one of the mates maps 
(from (101)) 

Arlt and colleagues (103) used mate-pair sequencing in combination with SNP arrays to 

detect replication stress-induced genome structure variation and compared them to 

constitutional ones. By mate-pair sequencing they were able to discover three new 

structure variation events. However, they suggest a combination of SNP array and mate-

pair sequencing as this shows the best results for a detailed and reliable analysis (103). 

The analysis and comparison of whole-viral populations is of great interest especially 

concerning RNA viruses. As RNA-dependent RNA polymerases of most RNA viruses lack a 

proof-reading function, a high mutation rate is observed leading to a “cloud” of different 

viral genomes. This “cloud” can be referred to as a virus population or quasispecies (104, 

105). To compare whole viral populations all variants found within a viral genome of one 

sample can be taken into account and distances for different viral populations can be 

calculated and compared (106). This approach was followed by Höper et al. (106) to 

analyze the genomic diversity of selected rabies vaccines, and it was demonstrated that 

the investigated vaccines were not genetically uniform but could be referred to as a 

quasispecies (106).  

 

1.2.4 Gene expression analysis 

In addition to genome sequencing, NGS-based transcriptome sequencing (also referred 

to as RNA-Seq) is feasible to determine the gene expression level not only of the host 

but also of the pathogen genes. Hence, differences of the gene expression levels during 

infection can be analyzed for a better understanding of host-pathogen-interaction. For a 

long time, the technology of choice for gene expression studies was the microarray 

technology (107). However, NGS becomes more and more important as it is highly 

sensitive, each sequence fragment is handled equally, and also unknown transcripts can 

be detected (107). Furthermore, splice-sites can be analyzed within the same data set. 

Yang et al. (17) simultaneously analyzed the vaccinia virus replication as well as the host 

cell transcriptome by RNA-Seq and were able to determine two clusters of early and late 
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vaccinia virus transcripts. Furthermore, they identified five up-regulated pathways 

within the host transcriptome after infection (17).  

 A specialized method of RNA-Seq is the ribosome profiling (Ribo-Seq) (30). Here, not the 

mRNA transcripts are sequenced but which mRNA transcripts are actually translated by 

the ribosome at a certain time point. The method takes advantage of the fact that 

approximately 30 nt of the mRNA transcripts are protected against nuclease digestion 

when bound by the ribosomal complex. These fragments can be isolated and prepared 

for NGS (108). Ingolia et al. (30) used ribosome profiling for a genome-wide analysis of 

Saccharomyces cerevisiae under different environmental conditions. In general, they 

found that the ribosome density in the 5’-untranslated region (UTR) is higher compared 

to the rest of the transcript, and they were able to identify 143 non-AUG upstream ORFs 

with evidence of translation (30). On starvation conditions, a global decrease of 

translation initiation was detected with 291 of 3769 analyzed genes being strongly 

affected (30).  

Kits are commercially available for RNA-Seq as well as for Ribo-Seq for diverse 

sequencing platforms but may differ in sample preparation protocols. A common 

feature for RNA-Seq is the strand-specificity and isolation of poly(A)-RNA as the 

transcripts usually exhibit a poly(A)-tail (109, 110). 

 

1.2.5 Secondary structure analysis  

Especially for RNA, the sequence information alone may not be sufficient to determine 

its function within an organism or virus as diverse regulatory functions of RNAs in 

connection with their secondary structure are known e.g. ribozymes or riboswitches 

(reviewed in (111) and (112)). These regulatory RNAs also occur in viruses like e.g. the 

hepatitis delta virus ribozyme which has a self-cleavage activity and is necessary for viral 

replication (113), or the HIV-1 riboswitch which regulates RNA dimerization and 

packaging (114, 115). Various protocols to experimentally determine RNA secondary 

structures are available and can be divided into chemical modification and enzymatic 

approaches (116). The chemical modification involves chemical probing of specific 

nucleotides e.g. with DMS (dimethyl sulfate), CMCT (1-cyclohexyl-(2-morpholinoethyl) 
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carbodiimide metho-p-toluene sulfonate) or Kethoxal (1,1-dihydroxy-3-ethoxy-2-

butanone). The enzymatic approach combines different specific nucleases for digestion 

assays. For both methods fragment lengths are analyzed after reverse-transcription PCR 

(RT-PCR) and polyacrylamide gel electrophoresis (summarized in (116)). Further 

developments also led to the use of sequencing for the analysis of these RNA fragments, 

like for SHAPE-Seq (Selective 2’-hydroxyl acylation analyzed by primer extension) (117) 

and PARS (parallel analysis of RNA structure) (118).  

SHAPE-Seq firstly involves a chemical probing of the RNA of interest by an acylation of 

the 2’-OH group. Then RT-primer extension results in cDNA fragments of different size as 

the transcriptions stops at the modification site. Subsequently, these cDNA fragments 

can be converted into a library and sequenced (75, 76). A negative control without 

probing is required to determine the natural drop-off rate of the RNA-dependent DNA 

polymerase. For data analysis, reads are mapped against a reference and for each 

position the amount of reads that stopped at a certain position are counted. By 

comparing the modified sample and the negative control, a score can be calculated and 

used as additional information for RNA secondary structure prediction tools. So far, the 

technique is limited by the fragment length suitable for the different sequencing 

platforms. The potential of SHAPE chemistry in general using capillary electrophoresis 

was demonstrated by Watts and colleagues (119) by analyzing the secondary structure 

of a whole HIV-1 RNA genome.  

PARS - in contrast to SHAPE - is an enzyme-based method where the RNA is in a first step 

separately treated with two structure-specific nucleases (one cleaves specifically double-

stranded RNA, the other one specifically single-stranded RNA). In a second step, the RNA 

is fragmented and adapters are ligated to the phosphorylated 5’-ends which were 

generated by enzyme-cleavage. RNA then can be transformed into a library and 

sequenced on a platform of choice (118). For data analysis, the results of different 

nuclease treatments are compared, and as for SHAPE-Seq, a score is calculated for each 

position. Kertesz et al. (118) used PARS for a genome-wide measurement of mRNA 

secondary structure in yeast and found, that secondary structures occur more often in 

coding regions than in non-coding regions. Furthermore, they detected an anti-



 20 | Data analysis 

correlation between the efficiency of mRNA translation and secondary structure over 

the translation start side (118).   

 

1.3 Data analysis 

While sample preparation can be standardized and automated for many procedures 

during the workflow, the main bottleneck of NGS at the moment remains data analysis. 

With the development of NGS technologies also the development of bioinformatics tools 

for data analysis is ongoing. Some of the problems for NGS data analysis are that (i) 

algorithms have to deal with massive data, (ii) different kinds of errors which occur by 

using different sequencing technologies, (iii) for metagenomics analysis enormous data 

bases have to be screened efficiently, and (iv) de novo assembly software should provide 

long contigs from short reads. In recent years, the available software applications for 

metagenomic approaches got faster and more sensitive, the assembly and mapping 

algorithms became more accurate, and larger contigs can be created. So far, a lot of 

different software tools and pipelines for the different approaches are available, and 

some of the commonly used software tools for de novo assembly, reference mapping 

and metagenomics approaches for NGS data are summarized in table 3.  

Table 3 Summary of selected software tools for de novo assembly, reference mapping and 
metagenomic analysis.  

Application Tool input format/specialties 
Open 

source 
References 

De novo 
assembly 

Newbler SFF, FASTA or FASTQ, No* (120) 
MIRA FASTA or FASTQ, SFF will be 

converted to FASTQ 
Yes (121) 

Velvet FASTA, for short read assembly Yes (122) 

Reference 
Mapper 

Newbler SFF, FASTA or FASTQ, No* (120) 

Bowtie/ 
Bowtie2 

FASTA or FASTQ Yes (123, 124) 

BWA FASTA or FASTQ, slower than 
Bowtie/2 

Yes (125) 

LAST FASTA or FASTQ, copes with 
repeat-rich regions 

Yes (126) 
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Table 3 (continued)    

Application Tool input format/specialties Open 
source References 

Meta-
genomics 

RIEMS SFF, FASTA or FASTQ Yes** (127) 

MG-Rast SFF, FASTA or FASTQ,  
web server 

Yes (128) 

Kraken FASTA or FASTQ, MiniKraken 
for low-memory computation 

Yes (129) 

Clinical 
PathoScope/ 

PathoScope2.0 

FASTA or FASTQ, Clinical 
PathoScope directly for 

pathogen detection 

Yes (130, 131) 

MetaPhlAn FASTA or FASTQ, Database 
only for bacteria 

Yes (132) 

*open access but not open source 
**Newbler software is required 
 
Special workflows are available for applications like RNA-Seq (133-137), SHAPE-Seq (75, 

76), variant identification (compared in (95)), and quasispecies reconstruction and 

analysis (96-99), as they mostly require adjusted pipelines for data analysis. Within this 

thesis the Newbler software package provided by Roche (120) was used as a standard 

software tool as it includes a suitable de novo assembler as well as a reference mapper, 

and the package is additionally able to handle all short read file formats (SFF, FASTA, 

FASTQ). Furthermore, it is suitable for variant detection and cDNA sequencing projects. 

Although the support for 454 pyrosequencing will be discontinued in 2016, the software 

development is still ongoing. The current version (v 3.0) is capable to use standard 

Illumina sequencing data as paired-end reads, and furthermore, also long reads from 

third-generation sequencing technologies can be included into assembly and mapping 

projects. The usage of the Newbler software is mainly command-line based but a 

graphical interface is provided for a more convenient working environment (120). 
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2. Objectives 

The main objectives of this study were to evaluate the potential of NGS technologies 

• for identification of a causative agent in disease clusters or during outbreaks and 

the proof of their role in disease induction by molecular epidemiology, when 

classical diagnostics failed, as in the case of a encephalitis cluster of variegated 

squirrel breeders  

• for a more comprehensive molecular epidemiological analysis of re-emerging 

pathogens like porcine epidemic diarrhea virus (PEDV) in Germany,  

• for the analysis of virulence markers of epizootic and zoonotic pathogens, i.e. the 

identification of sequence variations within the complete genomes of bovine 

viral diarrhea virus (BVDV), classical swine fever virus (CSFV) and cowpox virus 

(CPXV) and their putative role in virulence differences of the sequence variant-

strains of these viruses in vivo and 

• as basis for the development of novel diagnostic methods, e.g. real-time PCR/RT-

PCR assays, for novel pathogens identified by metagenomics approaches or for 

the differentiation of occurring strains. 
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Brief Report

Summ a r y

Between 2011 and 2013, three breeders of variegated squirrels (Sciurus variegatoides) 
had encephalitis with similar clinical signs and died 2 to 4 months after onset of 
the clinical symptoms. With the use of a metagenomic approach that incorporated 
next-generation sequencing and real-time reverse-transcriptase quantitative poly-
merase chain reaction (RT-qPCR), the presence of a previously unknown bornavirus 
was detected in a contact squirrel and in brain samples from the three patients. 
Phylogenetic analyses showed that this virus, tentatively named variegated squirrel 
1 bornavirus (VSBV-1), forms a lineage separate from that of the known bornavirus 
species. (Funded by the Federal Ministry of Food and Agriculture [Germany] and 
others.)

B
eginning in late 2011, three men in succession (63, 62, and 72 years 

of age) from the state of Saxony-Anhalt, Germany, had a progressive en-
cephalitis or meningoencephalitis that led to death within 2 to 4 months 

after the onset of clinical symptoms. The clinical course was characterized by 
fever, shivers, or both; progressive psychomotor slowing; confusion; unsteady gait; 
myoclonus, ocular paresis, or both; and finally, coma. All three patients had pre-
existing medical conditions (hypertension, diabetes, or obesity). In all three pa-
tients, the disease was also accompanied, at some point during the course of the 
illness, by bilateral crural-vein thrombosis, which led to pulmonary embolism in 
two patients. An analysis of the cerebrospinal fluid showed pleocytosis, and cranial 
imaging revealed edematous lesions in the cerebral cortical areas and basal ganglia 
or meninges that were increasing in size, a finding consistent with a viral infection 
(Fig. 1A and 1B). While the patients were alive, no infectious agent could be de-
tected by means of microscopic, culture, molecular, or serologic investigations of 
cerebrospinal fluid samples, biopsy samples, or serum. All three patients were 
treated in intensive care units, had to undergo mechanical ventilation, and died 
despite receiving treatment with broad antiinfective chemotherapy. Biopsy and 
postmortem analysis of the affected brain areas showed tissue edema, necrosis, 
glial activation, and lymphocyte infiltration, often as perivascular cuffing, but no 
viral inclusions or any microorganisms. Details of the characteristics of the pa-
tients, the clinical symptoms, and the results of laboratory analyses are shown in 
Table 1, and in Tables S1 and S2 in the Supplementary Appendix, available with 
the full text of this article at NEJM.org.
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Squirrel Bornavirus Associated with Human Encephalitis

All three patients were breeders of variegated 
squirrels (S. variegatoides). They were friends, had 
met privately on a regular basis, and had ex-
changed their squirrel breeding pairs on multi-
ple occasions (a detailed description is provided 
in the Supplementary Appendix). At least two of 
the patients had been scratched by their squirrels 
in the past, and one had been bitten. Because 
the initial pathogen-specific screening of a squir-
rel from the breeding population of Patient 3 
revealed no evidence of any of the tested patho-
gens (for details, see Table S3 in the Supplemen-
tary Appendix), a panel of samples from the 
squirrel was analyzed by means of metagenomic 
sequencing. All further analyses were based on 
the detection of several short sequence fragments 
with a strong similarity to Mammalian 1 bornavirus.

 Me thods

 Samples of Tissue and Body Fluids

Organ, blood, oropharyngeal-swab, and chest-
cavity fluid samples from a healthy variegated 
squirrel that had direct contact with Patient 3 
were available for the analyses. In addition, ar-
chived formalin-fixed, paraffin-embedded (FFPE) 
brain tissue from Patients 1 and 2, as well as 
fresh-frozen brain samples, cerebrospinal fluid, 
and serum from Patient 3, were tested. FFPE 
brain tissue from 10 unrelated humans (tissue 
from patients with Alzheimer’s disease, human 
immunodeficiency virus–induced encephalopathy, 
or herpes simplex virus–induced encephalitis, as 
well as normal brain tissue), materials from 
polymerase-chain-reaction (PCR)–negative var-
iegated squirrels, and a Borna disease virus 
(BoDV)–infected horse brain were used as con-
trol material.

 Metagenomics, Whole-Genome Sequencing, 

and Sequence Analysis

A metagenomic analysis of squirrel samples was 
performed in accordance with a standard work-
flow, as described elsewhere.1,2 Sequencing was 
performed with the use of a MiSeq instrument 
(Illumina). The obtained reads were analyzed 
with the use of RIEMS3 for the detection of patho-
gens and with Genome Sequencer software, 
version 2.8 (Roche), for sequence assembly. The 
complete coding sequences, as well as the nu-
cleoprotein (N) nucleotide and amino acid se-
quences, were used to analyze the evolutionary 

relationships among this newly discovered bor-
navirus, previously reported bornavirus species, 
and endogenous bornavirus-like sequences from 

Figure 1. Magnetic Resonance Imaging.

In Panel A, T2-weighted transversal imaging (with a 

fluid-attenuated inversion recovery [FLAIR] sequence) 

shows hyperintense lesions in the left basal ganglia 

and occipital lobe of Patient 2 (arrows). In Panel B, a 

T1-weighted coronal image shows contrast enhance-

ment of the meninges in Patient 3 (arrows).

A

B
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humans and squirrels (Fig. S1 in the Supplemen-
tary Appendix).

Real-Time RT-qPCR Detection

On the basis of sequences obtained from a meta-
genomic analysis of the squirrel samples, two 
independent primer–probe RT-qPCR systems 
were established, corresponding to two different 
regions within the bornavirus genome (Table S4 
in the Supplementary Appendix). Both systems 
used standard RT-qPCR reagents and cycling 
conditions and were combined with an internal 
control system, as described elsewhere.4 To rule 
out endogenous DNA sequences as the source of 
virus sequence amplification, qPCR analysis was 
also performed without reverse transcription.

Immunohistochemical Analysis

A standard staining protocol was applied with 
the use of bornavirus-specific polyclonal and 
monoclonal antibodies that recognized the viral 
proteins N, X, and phosphoprotein (P), as de-
scribed previously.5,6 A BoDV-positive horse sam-
ple and the 10 above-mentioned unrelated human 
brain-tissue samples were used as controls (Fig. 
S2A, S2B, and S3 in the Supplementary Appendix).

Indirect Immunofluorescence Assay

For the detection of bornavirus-specific IgG anti-
bodies in the serum and in the cerebrospinal 
fluid from Patient 3, a persistently BoDV-infected 
cell line was used in a standard indirect immuno-
fluorescence procedure (Fig. S4 in the Supplemen-
tary Appendix). The specificity of this serologic 
assay was confirmed through the investigation 
of 40 serum samples obtained from febrile pa-
tients; all of the samples tested negative. For 
confirmation, the serum was titrated in a vali-
dated routine immunofluorescence assay for the 
detection of bornavirus-specific antibodies.

R esult s

Metagenomic Analysis

The metagenomic analysis revealed five sequence 
fragments that had 70.3% to 81.2% identity with 
isolates of the species Mammalian 1 bornavirus in 
samples L00652 (liver, lung, and kidney) and 
L00651 (chest-cavity fluid) (Table S5 in the Sup-
plementary Appendix). Targeted screening of the 
sequencing reads from the remaining pools ad-
ditionally detected 23 reads related to Mammalian 

1 bornavirus sequences (identities between 67.6% 
and 81.7%) (Table S5 in the Supplementary Ap-
pendix). The fragments were related to both 
mammalian and avian bornavirus sequences, 
and the virus was tentatively named variegated 
squirrel 1 bornavirus (VSBV-1). Gross pathologi-
cal examination of the squirrel did not reveal 
any specific changes; histologically, however, the 
brain was found to have satellitosis and mild 
glial activation.

Real-Time RT-qPCR Analyses

With the use of two independent RT-qPCR sys-
tems, VSBV-1 RNA was found in various sample 
materials from the squirrel and in the samples 
available from all three human patients (Table 2). 
High VSBV-1 RNA loads were observed in the 
squirrel brain, heart, lung, kidney, and oropha-
ryngeal-swab samples. In contrast, in EDTA-
treated blood and chest-cavity f luid, only low 
VSBV-1 RNA loads were detected. Intermediate 
viral genome loads could be ascertained in FFPE 
brain samples from Patients 1 and 2. An analysis 
of fresh-frozen material from Patient 3 revealed 
high VSBV-1 RNA loads in the brain (Table 2). In 
all the investigations, the VSBV-1 genome could 
be detected only when assays including reverse 
transcription were used; results remained nega-
tive in assays without reverse transcription. 
Moreover, all the control materials from patients 
with unrelated brain diseases and from healthy 
persons tested negative in both PCR systems.

Whole-Genome Sequencing and Phylogenetic 

Analysis

RNA from the brain samples obtained from the 
squirrel and from Patient 3 was deep-sequenced 
to determine the viral genomes for in-depth 
analyses. Sequencing yielded two nearly identical 
complete coding sequences (8798 nucleotides; 
accession numbers LN713680 and LN713681) 
with two synonymous exchanges at positions 1857 
(amino acid 619) and 3702 (amino acid 1234) 
within the L gene. Annotation of these sequences 
revealed a canonical bornavirus genome struc-
ture (the genes encoding N, X, P, M, G, and L). 
Phylogenetic analyses of the complete coding 
sequence and N sequence showed that this novel 
bornavirus forms a distinct lineage within the 
bornavirus phylogeny in a sister relationship with 
the Mammalian 1 bornavirus lineage (Fig. 2, and 
Fig. S1 in the Supplementary Appendix). Further-
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more, previously described endogenous N-derived 
bornavirus-like sequences from squirrels8 and 
humans9 were distantly related to the previously 
unknown VSBV-1 sequences (Fig. S1 in the Sup-
plementary Appendix). The relationships in the 
time-resolved phylogeny (Fig. S5 in the Supple-
mentary Appendix), as well as the fact that the 
VSBV-1 is most closely related to BoDV of horse 
origin, imply that VSBV-1 emerged from a mam-
malian bornavirus rather than from an avian 
one. In accordance with the latest criteria pro-
posed by the International Committee for Tax-
onomy of Viruses Bornaviridae Study Group,7 on 
the basis of the phylogenetic analyses and the 
nucleotide sequence identities of less than 75% 
between this bornavirus and those of the most 
closely related classic Mammalian 1 bornavirus se-

quences, VSBV-1 can be classified as a new bor-
navirus species (Table S6 in the Supplementary 
Appendix).

Immunohistochemical Analyses

Brain-tissue sections from the squirrel and from 
Patient 1 were analyzed and showed positive im-
munostaining in nuclei, cytoplasm, and neuro-
nal and glial processes of brain cells, as well as 
in the neuropil, when polyclonal (monospecific) 
antibodies for the detection of the viral N, P, and 
X proteins were applied (Fig. 3), but not when 
the monoclonal anti-N antibody was used. Where-
as the unrelated human tissue samples and the 
control squirrel samples were negative (Fig. S2A 
and S2B in the Supplementary Appendix), the 
BoDV-positive horse brain had reaction patterns 
in the brain cells that were similar to the reac-
tion patterns in the squirrel and Patient 1 with 
all of the applied antibodies (Fig. S3 in the 
Supplementary Appendix).

Detection of Bornavirus-Specific Antibodies

Bornavirus-specific IgG antibodies were detected 
in serum and cerebrospinal fluid from Patient 3 
with the use of an indirect immunofluorescence 
assay (Fig. S4 in the Supplementary Appendix). 
In both the cerebrospinal fluid and the serum, 
bornavirus-specific IgG antibody titers (1:2560 
and 1:5120, respectively) were identified in a rou-
tine immunofluorescence assay that was validated 
for the detection of antibodies against BoDV.

Discussion

We describe the detection of a variegated squir-
rel–derived bornavirus associated with the death 
of three people. The three patients had similar 
central nervous system (CNS) symptoms and died 
of progressive meningoencephalitis or encepha-
litis; bilateral crural-vein thrombosis also devel-
oped in all three during the clinical course of 
their illness. The reason for the thrombosis re-
mains unclear. The spinal cord was not affected 
in any of the patients; all the lesions were found 
in the cortical areas, basal ganglia, or brainstem. 
All three patients were squirrel breeders and 
members of the same private squirrel-breeding 
association. Although these findings do not meet 
Koch’s postulates, the fact that the complete 
coding sequences generated from the squirrel 
and the human sample material were almost 

Origin and Sample Quantification Cycle Value†

VSBV-1 Assay 6 VSBV-1 Assay 10

Squirrel

EDTA-treated blood 35.7 33.0

Chest-cavity fluid 32.0 28.4

Brain 13.2 13.1

Heart 12.4 14.1

Lung 13.3 13.8

Liver 18.2 18.9

Spleen 17.2 17.4

Kidney 11.0 11.7

Colon 19.1 18.5

Oropharyngeal swab 14.7 15.5

Patient 1 FFPE brain 25.9 24.0

Patient 2 FFPE brain 20.8 19.0

Patient 3

Serum 29.1 27.8

CSF 30.5 26.3

Brain 12.7 12.6

*  For a description of the reverse-transcriptase quantitative polymerase-chain-
reaction (RT-qPCR) assays, see the Supplementary Appendix. FFPE denotes 
formalin-fixed and paraffin-embedded, and VSBV-1 variegated squirrel 1 bor-
navirus.

†  Quantification cycle values denote the cycle during qPCR in which a positive 
fluorescence signal can be differentiated from the background. Low values in-
dicate higher initial genome copy numbers of the target, and higher values in-
dicate smaller genome copy numbers. A difference by factor of approximately 
3.3 in the value corresponds to a log10 difference in the number of genome 
copies.

Table 2. Real-Time RT-qPCR Results for Samples Obtained from the Squirrel 

and the Three Patients.*
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identical, the detection of viral RNA in the brain 
tissue of all three patients, the results of borna-
virus antigen immunostaining, the similarity of 
the clinical picture among the three patients, the 
anti-bornavirus IgG titers in the serum as well 
as in the cerebrospinal fluid of Patient 3, and the 
epidemiologic link among all three cases sup-
port VSBV-1 as the likely causative agent.

Borna disease is described mainly in associa-
tion with natural infections of horses and sheep, 
in which BoDV has a main tropism for the CNS, 
infecting neurons, astrocytes, oligodendrocytes, 
and ependymal cells.10-13 The infection is noncyto-
lytic and persistent, and in the natural hosts, 
mood, sensorium, sensibility, motility, and the 
autonomous nervous system are simultaneously 
or successively affected, with a fatal outcome in 

up to 90% of infected animals.14 BoDV-like vi-
ruses, the so-called Psittaciform 1 bornavirus and 
Passeriform 1 bornavirus, have been described in 
association with fatal proventricular dilatation 
disease, mainly in psittacine birds.6,15-17 Moreover, 
endogenous BoDV-like sequence fragments have 
already been detected in humans as well as in 
other species, including squirrels.8,9 However, on 
the basis of the PCR data (suggesting high RNA 
loads) combined with the whole-genome infor-
mation from the RNA fraction and the antibody 
response, it is unlikely that the virus sequences 
detected in this study are endogenous BoDV-like 
sequences.

In the 1990s, controversy arose regarding 
whether BoDV was a zoonotic agent responsible 
for human psychiatric disorders.14,18 However, 

Figure 2. Phylogenetic Analysis of the Members of the Bornavirus Genus, Including the Putative Variegated Squirrel 1 Bornavirus (VSBV-1) 

Species.

The phylogenetic tree was inferred on the basis of complete coding sequences with the use of the Bayesian Markov chain Monte Carlo 

method and, in parallel, the neighbor-joining and maximum-likelihood methods. Statistical support of grouping from Bayesian posterior 

probabilities (clade credibilities ≥90%) and 1000 neighbor-joining and maximum-likelihood bootstrap replicates (≥70%) is indicated 

with an asterisk. The taxon information includes the virus abbreviation, GenBank accession number, and year of detection. Branches are 

colored according to lineage (within the bornavirus species classification and nomenclature proposed by the International Committee 

for Taxonomy of Viruses Bornaviridae Study Group,7 with the exception of VSBV-1 [tentative, unclassified bornaviruses]). The VSBV-1 

 sequences generated during this study are highlighted. The scale bar represents nucleotide substitutions per site.
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Figure 3. Viral Antigen Detected by Means of Immunohistochemical Analysis.

The presence of viral antigen in the squirrel (Panels A, C, and E) and Patient 1 (Panels B, D, and F) was shown in an 

immunohistochemical analysis with the use of monospecific polyclonal antibodies against the bornavirus proteins X 

(Panels A and B), P (Panels C and D), and N (Panels E and F). Viral antigen can be seen in neurons (black arrows), 

glial cells (black arrowheads), and neuropil. Viral antigen is present in nuclei and cytoplasm.

C D

A B

P protein, squirrel  P protein, Patient 1

N protein, squirrel N protein, Patient 1E F

X protein, squirrel X protein, Patient 1
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several studies have questioned whether BoDV-
induced clinical disease actually occurs in hu-
mans,18-21 and the general consensus has been 
that it does not.14,22 In contrast, VSBV-1 is differ-
ent from the classic BoDV, and the RNA loads 
and antigen loads detected in all three human 
case patients were high, which allowed for whole-
genome sequencing and immunohistochemical 
detection. Therefore, the human infections de-
scribed in our study are quite different from 
those studied in previous investigations or re-
ferred to in previous discussions, and VSBV-1 is 
likely to be a previously unknown zoonotic 
pathogen transmitted by the variegated squirrel. 
Rodents, particularly exotic ones, are not un-
common as pets, as is reflected in the high 
number of such animals imported to Europe and 
other parts of the world.23 In our study, all three 
patients were private squirrel breeders who had 
close contact with these animals. For two of the 
patients, skin injuries due to squirrel bites and 
scratches were reported by family members. How-
ever, the route of zoonotic transmission from 
the squirrels to the patients remains uncertain. 
The high RNA load in the oropharyngeal-swab 
sample from the squirrel might support the hy-
pothesis of transmission through scratches or 
bites. The epidemiologic aspects of BoDV disease 
are not well understood either,24 and in natural 
cases, infection through the olfactory route is 
suspected.

Of note, all three patients were older than 

60 years of age and had preexisting medical con-
ditions, which may have conferred a predisposi-
tion to clinical infection with this unusual agent. 
BoDV has been detected in shrews, which might 
be also able to transmit the virus to other 
hosts.25-27 In addition, it remains to be elucidated 
whether VSBV-1 was carried by the squirrels 
when they were imported from Latin America or 
whether it originated from other small mam-
mals that had contact with the breeding facility.

In conclusion, VSBV-1, a zoonotic bornavirus 
from a variegated squirrel, was associated with 
three fatal CNS infections in humans. Further 
studies, including seroepidemiologic and molecu-
lar studies in putative animal reservoirs and hu-
man patients, in particular those with unexplained 
encephalitis or meningoencephalitis, are needed.
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Table S1: Patient characteristics, symptoms and signs, and laboratory 51 

results in a cluster of lethal human encephalitis cases in three squirrel 52 

breeders. 53 

Patient Number Patient #1  Patient #2  Patient #3  

Age 63 years 62 years 72 years 

Clinical Diagnosis Encephalitis Encephalitis Meningoencephalitis 

Onset of Disease November 2011 June 2013** November 2013 

Estimated 

Duration of Illness 

until Death 

3 months 2 months** 4 months 

Medical 

Precondition 
Hypertension 

Hypertension, Type 2 

Diabetes, Renal 

Insufficiency 

Hypertension, Obesity 

Initial Symptoms 

Severe Fatigue, 

Constipation, 

Anorexia, Nocturnal 

Agitation, Confusion, 

Psychomotor Slowing, 

Shivers 

Weakness, Vertigo, 

Unsteady Gait, 

Headache, Abdominal 

Pain, Confusion, 

Psychomotor Slowing, 

Shivers, Fever 

Unsteady Gait, 

Anogenital Numbness, 

Problems Passing 

Urine and Stool, 

Headache, Confusion, 

Psychomotor Slowing, 

Mood Disturbances, 

Fever 

Later Signs and 

Symptoms 

Myoclonus, Grimacing, 

Divergent Bulbi, 

Tetraparesis, Sopor, 

Coma 

Myoclonus, 

Opsoclonus, Sopor, 

Coma 

Ocular Paresis, Sopor, 

Coma 

Additional 

Diagnoses During 

Illness 

Bilateral Crural Vein 

Thrombosis, 

Hepatopathy, 

Bronchopulmonary 

infection due to 

assumed Aspiration 

Bilateral Crural Vein 

Thrombosis, Later 

Pulmonary Embolism; 

Bronchopulmonary 

infection due to 

assumed Aspiration 

Bilateral Crural Vein 

Thrombosis, Later 

Pulmonary Embolism; 

Bronchopulmonary 

infection due to 

assumed Aspiration 

Magnetic 

Resonance 
Imaging (MRI)  

Initial MRI (December 

2011) Normal; Follow-

up MRI (Three Weeks 

Later) with 

Hyperintense (T2) 

Lesions in Temporal, 

Parietal, and Insular 

Cortex, and Midbrain; 

Spine not affected  

Initial MRI (July 2013) 

Normal; Follow-up 

MRI (10 Days Later) 

with Hyperintense 

(T2), Partly 

Symmetrical Lesions 

in Temporal, Parietal, 

and Frontal Cortex, 

Basal Ganglia and 

Brainstem; Spine not 

affected 

Initial Computed 

Tomography 

(December 2013) with 

Dilated Ventricles; 

Follow-up MRI (6 Days 

later) with Meningeal 

Contrast 

Enhancement; Spine 

not affected 

Electro-

Encephalogram 

(EEG)  

Delta-Activity with 

Short Alpha-Episodes 

(December 2011) 

Low-Voltage Theta- 

and Delta-Activity 

(August 2013) 

Delta- and Theta-

Activity (December 

2013) 

Anti-Infective 

Treatment 

Ceftriaxone, 

Ciprofloxacin, 

Carbapenems, 

Doxycycline, 

Corticosteroids* 

Ceftriaxone, 

Ampicillin, 

Clindamycin, 

Carbapenems, 

Erythromycin, 

Acyclovir, 

Corticosteroids*** 

Ceftriaxone, 

Ampicillin, Acyclovir, 

Doxycycline, Ribavirin, 

TB-treatment**** 
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Initial Peripheral 

Inflammatory 

Parameters  

CRP 95 mg/L, 

Leukocyte  count 

11.44 Gpt/L with 89% 

Neutrophils and 4% 

Lymphocytes  

CRP 33 mg/L, 

Leukocyte count 11.0 

Gpt/L with 78% 

Neutrophils and 11% 

Lymphocytes 

CRP < 3 mg/l, 

Leukocyte count 8.5 

Gpt/L with 68% 

Neutrophils and 15% 

Lymphocytes  

Results of CSF 

Analyses 

(Normal Values: 

Cell Count < 4/µl; 

Protein < 500 

mg/L; Lactate <2.1 

mmol/L; Glucose 

Ratio 0.5 – 0.7) 

11 cells/µl (no 

Differential Count), 

Protein 824 mg/L, 

Lactate 4.2 mmol/L, 

Glucose Ratio 0.49 

62 cells/µl (no 

Differential Count),  

Protein 2047 mg/L, 

Lactate 5.25 mmol/L,  

Glucose Ratio 0.51 

168 cells/µl (79% 

Lymphocytes [Mostly 

Atypical]), 21% 

Monocytes), Protein 

2367 mg/L, Lactate 

2.9 mmol/L, Glucose 

Ratio 0.54 

Histology of Brain 

Biopsy  

Tissue Edema, 

Microglia Activation, 

Perivascular 

Lymphocyte 

Infiltration (CD4+ and 

CD8+), Necrosis 

(January 2012)  

Tissue Edema, 

Microglia Activation, 

Perivascular 

Lymphocyte 

Infiltration (CD4+ and 

CD8+), Necrosis 

(August 2013) 

Not performed 

Post mortem 

Brain Gross 

Pathology and 

Histology 

Autopsy Not Granted 

by Next-Of-Kin 

Massive Brain Edema, 

Necrosis of Left 

Parietal Lobe, Right 

Temporal Lobe, and 

Basal Ganglia 

Bilaterally; 

Perivascular 

Lymphocyte-Cuffing 

(B-cells, CD4- and 

CD8-T-cells) in Basal 

Ganglia, Hippocampus, 

Midbrain, Pons, 

Medulla oblongata 

Edema, Lymphocyte 

Infiltration (CD4+ and 

CD8+); little Necrosis 

and Gliosis in Frontal 

Cortex, Basal Ganglia, 

Cerebellum and Brain 

Stem  

Abbreviations: CSF, cerebrospinal fluid; CRP, C-reactive protein; TB, tuberculosis. 55 

*) This patient had a highly positive anti-Yo-(Purkinje cell)-autoantibody in the CSF, but not in 56 

the serum, and was therefore given a single high-dose of methylprednisolone; a full-body 57 

computed tomography did not reveal any neoplasia, however. Serum and CSF paraneoplastic 58 

autoimmune serology in all three patients did not reveal any other auto-antibodies, such as anti-59 

Yo (except for patient #1), anti-Hu, anti-Ri, anti-amphysin, anti-NMDA receptor, anti-glutamate 60 

receptor, and anti-CV2. 61 

**) This patient had developed peripheral facial nerve palsy in April 2013, which had subsided 62 

after corticosteroid treatment. 63 

***) Single-dose methylprednisolone was administered, as initially an autoimmune encephalitis 64 

was considered clinically. 65 

****) Only this patient had a positive Mycobacterium tuberculosis- interferon release assay and 66 

was treated with ethambutol, isoniazid, rifampicin, pyrazinamide. 67 
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Table S2: Initial infectious disease serology and molecular 69 

investigations performed in the patients with lethal encephalitis  70 

 Patient 1 Patient 2 Patient 3 

Serum    

Serological examinations    

HIV, Hepatitis B and C viruses Negative Negative Negative 

Mycobacterium tuberculosis 

interferon release assay 

testing 

Negative Negative Positive 

Rubella virus IgG positive only ND ND 

Measles virus IgG positive only IgG positive only ND 

Mumps virus IgG positive only ND ND 

Herpes simplex virus IgG positive only IgG positive only IgG positive only 

Varicella zoster virus IgG positive only IgG positive only IgG positive only 

Cytomegalovirus IgG positive only Negative IgG positive only 

Epstein Barr virus IgG positive only IgG positive only IgG positive only 

Human herpes virus 6 ND IgG positive only ND 

Human herpes virus 7 ND IgG positive only ND 

Coxsackie viruses Negative Negative ND 

Dengue virus Negative ND ND 

West Nile virus Negative ND Negative 

Tick-borne encephalitis virus Negative Negative Negative 

Rabies virus Negative ND ND 

Hantaviruses (Puumala virus, 

Dobrava-Belgrade virus) 
ND Negative Negative 

Lymphocytic choriomeningitis 

virus (LCMV) 
ND Negative Negative 

Sindbis virus ND ND Negative 

Batai virus ND ND Negative 

Treponema pallidum Negative Negative Negative 

Borrelia burgdorferi Negative Negative Negative 

Leptospira sp. Negative ND Negative 

Francisella tularensis Negative ND Negative 

Coxiella burnetii Negative ND Negative 

Chlamydophila psittaci Negative Negative Negative 

Rickettsia typhi, R. conorii, R. 

prowazekii, Orientia 

tsutsugamushi 

Negative ND 

Negative (R. 

prowazekii and R. 

typhi tested only) 
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Bartonella sp. Negative ND ND 

Brucella melitensis ND 

Initially weak 

IgM; later 

negative 

Negative 

Mycoplasma pneumoniae Negative ND Negative 

Aspergillus sp. Negative 
ND (antigen only; 

negative) 
ND 

Histoplasma capsulatum Negative ND ND 

Cryptococcus neoformans Negative 
ND (antigen only; 

negative) 
ND 

Toxoplasma gondii IgG positive only ND ND 

Entamoeba histolytica Negative ND ND 

Echinococcus sp. Negative ND ND 

Trichinella spiralis Negative ND ND 

Cerebrospinal Fluid    

Serological examinations    

Rubella virus Normal Index ND ND 

Measles virus Normal Index ND ND 

Herpes simplex virus Normal Index Normal Index Normal Index 

Varicella zoster virus Normal Index Normal Index Normal Index 

Cytomegalovirus Normal Index Negative Normal Index 

Tick-borne encephalitis virus Negative Negative Negative 

Borrelia burgdorferi Negative Negative Negative 

Toxoplasma gondii Normal Index ND ND 

Molecular examinations    

Herpes simplex virus PCR Negative Negative Negative 

Varicella zoster virus PCR Negative Negative Negative 

Cytomegalovirus PCR Negative ND Negative 

Epstein Barr virus PCR Negative ND Negative 

Human herpes virus 6 PCR Negative Negative ND 

Enterovirus RT-PCR Negative Negative Negative 

Lymphocytic choriomeningitis 

virus RT-PCR 
Negative Negative ND 

JC polyomavirus PCR Negative Negative ND 

Measles virus RT-PCR Negative ND ND 

Alphavirus RT-PCR Negative ND Negative 

Flavivirus RT-PCR Negative ND Negative 
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Orthobunyavirus RT-PCR ND ND Negative 

Arenavirus RT-PCR ND ND Negative 

Rhabdovirus RT-PCR ND Negative Negative 

Toxoplasma gondii PCR Negative ND ND 

Panfungal PCR Negative ND ND 

Candida sp. PCR ND ND Negative 

Aspergillus sp. PCR Negative ND Negative 

Eubacterial 16S PCR Negative Negative Negative 

Mycobacterial PCR Negative Negative Negative 

Mycoplasma pneumoniae PCR Negative ND ND 

Listeria monocytogenes PCR Negative Negative Negative 

Leptospira sp. PCR Negative ND ND 

Treponema pallidum PCR Negative ND ND 

Brain Biopsy   Not performed 

Molecular examinations    

Herpes simplex virus PCR Negative Negative ND 

Enterovirus RT-PCR Negative Negative ND 

Alphavirus RT-PCR Negative Negative ND 

Flavivirus RT-PCR Negative Negative ND 

Orthobunyavirus RT-PCR Negative Negative ND 

Arenavirus RT-PCR Negative Negative ND 

Rhabdovirus RT-PCR Negative Negative ND 

Toxoplasma gondii PCR ND Negative ND 

Panfungal PCR ND Negative ND 

Aspergillus sp. PCR ND Negative ND 

Brain Autopsy    

Molecular Examinations    

Alphavirus RT-PCR Negative Negative ND 

Flavivirus RT-PCR Negative Negative ND 

Orthobunyavirus RT-PCR Negative Negative ND 

Arenavirus RT-PCR Negative Negative ND 

Rhabdovirus RT-PCR Negative Negative ND 

Enterovirus RT-PCR Negative Negative ND 

 73 
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 75 

ND, not done; PCR, polymerase chain reaction; RT-PCR, reverse transcription-polymerase chain 76 

reaction. 77 

No infectious agent could be detected from the cerebrospinal fluid, bioptic and autoptic brain 78 

specimens by microscopy with various stains (Gram, Ziehl-Neelsen, calcofluor; and Gram, Ziehl-79 

Neelsen, Grocott, periodic acid-Schiff, respectively) and cultures (bacterial, mycobacterial, 80 

fungal). 81 

In all serological assessments which had shown IgG positive only, IgM was negative. 82 

In patient #3, oligoclonal IgG bands were positive in the CSF. This patient had also elevated CSF 83 

levels of interleukin 2-receptor (209 U/ml; normal <17), neuron-specific enolase (12.7 µg/L; 84 

normal <6.2), tau-protein (2110 ng/L; normal <150) and S100B protein (3.64 µg/L; normal 85 

<0.7). Beta amyloid (1-40 and 1-42) and phospho tau-protein concentrations were normal. In 86 

the other patients, no such testing was performed. 87 
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Epidemiological data of the squirrel breeding 89 

Epidemiological data about the variegated squirrel breeding were collected by interviews with 90 

the son of patient #3, who is a squirrel holder and breeder himself. According to this interview, 91 

the affected squirrel breeders were friends; the contact between patients #2 and #3 was more 92 

intensive compared to the contact of both to patient #1. The variegated squirrel 1 bornavirus 93 

positive squirrel was a male and since 2010 in the holding of patient 3. In 2010, the squirrel was 94 

at least three years old and it is very likely, that this animal was born within the holding of 95 

patient #2. The squirrel holding of patient 3 started in 2007, using the aviaries from a former 96 

bird breeding. A temporal overlap between bird and squirrel breeding did not exist. The squirrel 97 

breeding of patient 3 was based on the acquisition of several squirrels from patient #1, patient 98 

#2 and further squirrel breeders located in Germany. At the time of first clinical signs of patient 99 

#3, twelve pairs of variegated squirrels Sciurus variegatoides were present in his breeding. The 100 

oldest animals are currently more than 10 years old, and over the years approximately 30 101 

animals were born and incorporated into the breeding procedure. From these newborn animals, 102 

about 12 squirrels were provided to other breeders. In general, the direct contact between the 103 

different breeding pairs was excluded due to the use of individual aviaries for each pair, and 104 

novel breeding pairs were only rarely created. Patient #3 continuously performed pest control 105 

against rodents within the breeding facility. Beside a dog, no further pets were kept. 106 

 107 

Table S3: Molecular and serologic analyses of samples of the 108 

variegated squirrel contact animal 109 

Serological examinations Results 

Hantaviruses (TULV, PUUV and DOBV) 

TULV IgG positive 

PUUV and DOBV: negative 

Alphaviruses (VEEV and EEEV) negative 

Molecular examinations Results 

Alphavirus RT-PCR 

(WEEV, EEEV, VEEV, Sindbis virus) 
negative 

Flavivirus RT-PCR negative 

Herpesvirus PCR negative 

Lymphocytic choriomeningitis virus RT-PCR negative 

Hantavirus RT-PCR negative 

Toxoplasma gondii PCR negative 

Lyssavirus RT-PCR negative 

 110 

PCR, polymerase chain reaction; RT-PCR, reverse transcription-polymerase chain reaction; 111 

TULV, Tula virus; PUUV, Puumala virus, DOBV, Dobrava-Belgrade virus; WEEV, Western Equine 112 

Encephalitis virus; EEEV, Eastern Equine Encephalitis virus; VEEV, Venezuelan Equine 113 

Encephalitis virus 114 
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Real-time RT-PCR protocol 116 

For the detection of the previously unknown variegated squirrel 1 bornavirus, assays 6 and 10 117 

were performed using the qScript XLT one-step RT-qPCR ToughMix Kit (Quanta BioSciences, 118 

Gaithersburg, USA). The assays were optimized using a total reaction volume of 12.5 µl. For one 119 

reaction 2.75 µl RNase-free water, 6.25 µl 2x qScript XLT One-Step RT-qPCR ToughMix, 1.0 µl of 120 

the according primer-probe-mix (7.5 pmol/µl primer and 2.5 pmol/µl probe; see Table S3) and 121 

2.5 µl RNA template or RNase free water for the no template control (NTC) were combined. The 122 

following thermal program was applied: 1 cycle of 50°C for 10 min and 95°C for 1 min, followed 123 

by 45 cycles of 95°C for 10 s, 57°C for 30 s, 68°C for 30 s. All real-time RT-PCRs were performed 124 

with the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, USA) as technical 125 

duplicates. 126 

 127 

 128 

 129 

Table S4: Primers and probes used in the study 
 

Assay name Oligo name sequence 5`-3` 

PCR 
product 

size 

(bp) 

Assay 6 BDV-like-3876-F TAA AAG GGC CCA AGT AGG TGT 78 

 

BDV-like-3953-R ATC TGG ACC ATC GAG ACT GG 

 

 

BDV-like-3903-FAM FAM-TCG TCC AAC CGG CCG TCT ATC AGG-BHQ1 

 
    Assay 10 BDV-like-7685-F ACT CTC TTC GTC CTC CAA TG 64 

 

BDV-like-7748-R CAT CAG ACG GCT CAA TGG CA 

   BDV-like-7712-FAM FAM-AGA CTC GAG GGG CGC GAT GCC AT-BHQ1   

 130 

 131 

 132 

Table S5: Results of the metagenomic analyses of variegated squirrel contact 133 

animal samples 134 

Sample Organ 

Reads 

sequenced 

BoDV-related 

reads 

Nucleotide sequence identity 

with BoDV 

L00652 Kidney/liver/lung      376,229 3 70.3 - 81.2 % 

L00651 Chest-cavity fluid        40,499 2 75.5 - 80.6 % 

L00653 Heart/brain      410,648 7 67.6 - 81.7 % 

L00647 Intestine        63,346 0 NA 

L00650 Spleen      370,041 0 NA 

L00648 
Oropharyngeal 

swab 
16,491,045 16 70.4 - 81.7 % 

NA, not applicable 135 
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Table S6: Nucleotide and amino acid sequence similarity of variegated 137 

squirrel 1 bornavirus to representatives of other bornavirus species 138 

Gene/Protein Bornavirus species Similarity (% mean)
#
 

  Nucleotide Amino acid 

Complete coding sequence Elapid 1 bornavirus  58.5 54.3 

Complete coding sequence Psittaciform 1 bornavirus 63.7 67.7 

Complete coding sequence Waterbird 1 bornavirus  66.7 73.8 

Complete coding sequence Passeriform 1 bornavirus 66.5 72.9 

Complete coding sequence Mammalian 1 bornavirus 68.1 76.2 

Nucleoprotein Elapid 1 bornavirus  61.1 65.7 

Nucleoprotein Psittaciform 1 bornavirus 65.5 73.8 

Nucleoprotein Waterbird 1 bornavirus  69.3 79.9 

Nucleoprotein Passeriform 1 bornavirus 70.3 80.8 

Nucleoprotein Passeriform 2 bornavirus 70.4 77.1 

Nucleoprotein Mammalian 1 bornavirus 73.4 86.9 

X-protein Elapid 1 bornavirus  49.1 30 

X-protein Psittaciform 1 bornavirus 70.1 46.9 

X-protein Waterbird 1 bornavirus  73.1 56.9 

X-protein Passeriform 1 bornavirus 73.4 54.8 

X-protein Passeriform 2 bornavirus 71.6 50.6 

X-protein Mammalian 1 bornavirus 76 57.9 

Phosphoprotein Elapid 1 bornavirus  51.4 36.7 

Phosphoprotein Psittaciform 1 bornavirus 67.6 68 

Phosphoprotein Waterbird 1 bornavirus  71.2 77.9 

Phosphoprotein Passeriform 1 bornavirus 73 79 

Phosphoprotein Passeriform 2 bornavirus 71.1 74.8 

Phosphoprotein Mammalian 1 bornavirus 71.2 75 

Matrixprotein Elapid 1 bornavirus 69.7 73.2 

Matrixprotein Psittaciform 1 bornavirus 73.6 85.1 

Matrixprotein Waterbird 1 bornavirus  75.5 87.3 

Matrixprotein Passeriform 1 bornavirus 74.5 85.5 

Matrixprotein Passeriform 2 bornavirus 75.3 90.1 

Matrixprotein Mammalian 1 bornavirus 76.3 88.3 

Glycoprotein Elapid 1 bornavirus 64 63 

Glycoprotein Psittaciform 1 bornavirus 66.1 66.1 

Glycoprotein Waterbird 1 bornavirus  67.6 71 

Glycoprotein Passeriform 1 bornavirus 68 69 

Glycoprotein Passeriform 2 bornavirus 68.2 68.3 

Glycoprotein Mammalian 1 bornavirus 61.1 75 

L-Polymerase-protein Elapid 1 bornavirus  57.4 57.3 

L-Polymerase-protein Psittaciform 1 bornavirus 62.3 66.4 

L-Polymerase-protein Waterbird 1 bornavirus  65.4 69.8 

L-Polymerase-protein Passeriform 1 bornavirus 64.7 68.3 

L-Polymerase-protein Mammalian 1 bornavirus 66.2 74.1 
#
Genetic distance analyses were performed using Geneious v7.1.7 (Biomatters, Auckland, New 139 

Zealand). 140 
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Figure S1:  142 
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 150 

Figure S1: Bayesian phylogenetic trees of bornaviruses based on nucleotide (a) and amino 151 

acid (b) sequences of the nucleoprotein gene, showing the phylogenetic placement of the 152 

variegated squirrel 1 bornavirus compared with known bornavirus species. The phylogenetic analyses 153 

were performed by using Bayesian Markov chain Monte Carlo tree-sampling methods based on 2 154 

runs consisting of 4 chains of 1,000,000 with a burn-in of 25% using MrBayes 3.1.2 155 

(http://mrbayes.sourceforge.net/) and parallel PhyML 3.0 (http://www.atgc-156 

montpellier.fr/phyml/versions.php) with 1,000 pseudo-replicates. The Akaike information criterion 157 

was chosen as the model selection framework and the general time-reversible model of sequence 158 

evolution with gamma-distributed rate variation among sites and a proportion of invariable sites  159 

(GTR+Γ+I) for nucleotide sequences and Jones-Taylor-Thornton with gamma-distributed rate 160 

variation among sites (JTT+Γ) for amino acid sequences as the best model. * indicates posterior 161 

probability values (clade credibilities ≥ 90%) and parallel maximum-likelihood bootstrap replicates (≥ 162 

70%). Strain names, GenBank accession numbers, and year of isolation are indicated on the 163 

branches. Branches are coloured by lineage (species; classification based on the ICTV Bornaviridae 164 

Study Group, Kuhn et al., 2015; except the variegated squirrel 1 bornaviruses – tentative, unclassified 165 

bornaviruses). Scale bar indicates mean number of nucleotide/amino acid substitutions per site. 166 
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Figure S2A: 168 

 169 

 170 

 171 

Figure S2A: Supplemental to figure 3: Immunohistochemistry analysis of the variegated 172 

squirrel (a) and human patient #1 (b) omitting the specific antibody and using a rabbit 173 

control serum. 174 

 175 

 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 
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 189 
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Figure S2B: 190 

 191 

Figure S2B: Supplemental to figure 3: Immunohistochemistry analysis of a bornavirus-192 

negative variegated squirrel (left panel) and an unrelated human patient (right panel) 193 

using monospecific polyclonal antibodies raised against BoDV-proteins X, P and N. 194 

 195 
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 197 

Figure S3: 198 

 199 

Figure S3: Supplemental to figure 3: Demonstration of viral antigen in a BoDV-infected 200 

horse brain by immunohistochemistry using monospecific polyclonal antibodies raised 201 

against BoDV-X, -P and -N. Viral antigen is present in neuronal nuclei, cytoplasm and processes. 202 
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Figure S4:  204 
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 205 

Figure S4: Indirect immunofluorescence assay for the detection of bornavirus specific antibodies in 206 

the specimens of patient #3. The non-infected feline kidney cell line CRFK 769 and the cell line CRFK 207 

227 (persistently infected with mammalian 1 bornavirus) from the Collection of Cell Lines in 208 

Veterinary Medicine (CCLV) (Federal Research Centre for Animal Health, D-17493 Greifswald – Insel 209 

Riems, Germany) were used. Washed cells were incubated with serum from a human negative 210 

control as well as the serum and liquor of patient #3, all diluted 1:50 in PBS-Tween, for one hour at 211 

37°C. As secondary antibody an Alexa Fluor® 488-labeled goat anti-human IgG (H+L) conjugate, (Life 212 

Technologies, Darmstadt, Germany), diluted 1:200 in PBS-Tween, was used.  213 
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Figure S5: 214 
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Figure S5: Bayesian maximum clade credibility trees representing the time-scale phylogeny 218 

of bornaviruses by analysis of the complete coding sequences (a) and the N gene (b). 219 

Phylogenetic analysis was performed by using Bayesian Markov chain Monte Carlo (MCMC) tree-220 

sampling method implemented in BEAST (http://beast.bio.ed.ac.uk). The general time reversible 221 

model of nucleotide substitution with gamma distributed rate variation among sites and a proportion 222 

of invariable sites (GTR+Γ+I) and the uncorrelated relaxed clock model were found to best fit the 223 

data. Two independent runs of 108 generations and sampling every 104 generation were performed 224 

to estimate the posterior probability distribution. Convergence of parameters was confirmed by 225 

calculating the effective sample size with Tracer v1.4 (http://tree.bio.ed.ac.uk/software/tracer/). The 226 

maximum clade credibility trees obtained were selected from the posterior tree distribution after a 227 

10% burn-in by using the TreeAnnotator (http://beast.bio.ed.ac.uk/TreeAnnotator). Taxon 228 

information includes strain designation (based on the classification and nomenclature of 229 

bornaviruses proposed by the ICTV Bornaviridae Study Group; Kuhn et al., 2015), GenBank accession 230 

number and year of isolation. Branches are colored on the basis of the most probable host of the 231 

descendent nodes. * indicates posterior probability values (clade credibilities ≥90%) and parallel 232 

maximum likelihood bootstrap replicates (≥70%). The main clades and subclades (species; 233 

classification based on the ICTV Bornaviridae Study Group, except the variegated squirrel 1 234 

bornaviruses – tentative, unclassified bornaviruses) are indicated to the right of the tree. Duplicates, 235 

vaccine and laboratory adapted strains were excluded from the analysis. The scale at the bottom of 236 

the tree represents the years before the last sampling time (2014). 237 

 238 

Reference: 239 

Kuhn JH, Dürrwald R, Bào Y, Briese T, Carbone K, Clawson AN, deRisi JL, Garten W, Jahrling PB, 240 
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Comparison of Porcine Epidemic Diarrhea 
Viruses from Germany and United States,

2014

Technical Appendix

Appendix Figure. Nucleotide sequence alignment (MAFFT) (1) of whole-genome sequences of 21 

isolates of porcine epidemic diarrhea virus (PEDV). The new strains PEDV/GER/L00719/2014 and 

PEDV/GER/L00721/2014 (italics) from Germany and the new 2014 PEDV US variant OH851 (boldface) 

were included and compared with current circulating strains from the United States and China (current

isolates). A) Pairwise similarity matrix based on full-length genomes. Similarity is given in percent identity. 
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B) Schematic representation of the nucleotide sequence alignment of the complete spike protein coding 

sequences to depict the variable region in the 5 part. Sequence identity is given in the upper color-coded 

graph (dark green, high similarity; light green, lower similarity; red, low similarity). Nucleotide positions 

that differ relative to the recent German strains are marked in black. 
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Mixed Triple: Allied Viruses in Unique Recent Isolates of Highly
Virulent Type 2 Bovine Viral Diarrhea Virus Detected by Deep
Sequencing

Maria Jenckel, Dirk Höper, Horst Schirrmeier, Ilona Reimann, Katja V. Goller, Bernd Hoffmann, Martin Beer

Institute of Diagnostic Virology, Friedrich-Loeffler-Institut, Greifswald-Insel Riems, Germany

ABSTRACT

In February 2013, very severe acute clinical symptoms were observed in calves, heifers, and dairy cattle in several farms in North

Rhine Westphalia and Lower Saxony, Germany. Deep sequencing revealed the coexistence of three distinct genome variants

within recent highly virulent bovine viral diarrhea virus type 2 (BVDV-2) isolates. While the major portion (ca. 95%) of the pop-

ulation harbored a duplication of a 222-nucleotide (nt) segment within the p7-NS2-encoding region, the minority reflected the

standard structure of a BVDV-2 genome. Additionally, unusual mutations were found in both variants, within the highly con-

served p7 protein and close to the p7-NS2 cleavage site. Using a reverse genetic system with a BVDV-2a strain harboring a similar

duplication, it could be demonstrated that during replication, genomes without duplication are generated de novo from ge-

nomes with duplication. The major variant with duplication is compulsorily escorted by the minor variant without duplication.

RNA secondary structure prediction allowed the analysis of the unique but stable mixture of three BVDV variants and also pro-

vided the explanation for their generation. Finally, our results suggest that the variant with duplication plays the major role in

the highly virulent phenotype.

IMPORTANCE

This study emphasizes the importance of full-genome deep sequencing in combination with manual in-depth data analysis for

the investigation of viruses in basic research and diagnostics. Here we investigated recent highly virulent bovine viral diarrhea

virus isolates from a 2013 series of outbreaks. We discovered a unique special feature of the viral genome, an unstable duplica-

tion of 222 nucleotides which is eventually deleted by viral polymerase activity, leading to an unexpectedly mixed population of

viral genomes for all investigated isolates. Our study is of high importance to the field because we demonstrate that these inser-

tion/deletion events allow another level of genome plasticity of plus-strand RNA viruses, in addition to the well-known poly-

merase-induced single nucleotide variations which are generally considered the main basis for viral adaptation and evolution.

In February 2013, severe clinical symptoms, including bloody

diarrhea, hemorrhages, and mucosal lesions, and a very high

mortality rate were observed in calves, heifers, and dairy cattle in

several farms in North Rhine Westphalia (NRW) and Lower Sax-

ony, Germany. The first investigations revealed infections with a

bovine viral diarrhea virus type 2 (BVDV-2) strain of the noncy-

topathogenic biotype, according to cell culture experiments (1).

Subsequently, BVDV infections with a mortality rate of approxi-

mately 40% were reported from the Netherlands (2).

BVDV-1 andBVDV-2 belong to the genusPestiviruswithin the

family Flaviviridae and comprise a single-stranded positive-sense

RNA genome of approximately 12.5 kb (3). The genome encodes

a polyprotein which is co- and posttranslationally processed by

viral and host proteases into 12 proteins (NH2-Npro-C-Erns-E1–

E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH) (4). BVDV

strains are further subdivided genetically into at least 16 subtypes

(a to p) for BVDV-1 and three subtypes (a to c) for BVDV-2 (5).

Phenotypically, BVDV strains can be distinguished into two bio-

types (cytopathogenic [cp] and noncytopathogenic [ncp]) de-

pending on their effect on cell culture (6–10), with the cytopathic

phenotype being evoked by various mutations (reviewed in refer-

ence 5). BVDV is contagious and has the unique ability to produce

persistently infected animals when infecting fetuses in the first

gestation phase (11, 12). These persistently infected animals con-

stantly shed very large amounts of virus (13). Cytopathogenic

strains usually emerge de novo in persistently infected animals and

cause a characteristic and severe clinical picture known as “muco-

sal disease” (14, 15).

In Germany, about 95% of the circulating BVDV strains be-

long to BVDV-1, and only 5% represent BVDV-2 (1, 16). In the

past, severe acute infections seem to have been caused particularly

by BVDV-2 (17). Correspondingly, the only reported German

case of severe acute BVDV infection was associated with a

BVDV-2a strain (18).

Here we analyzed isolates from a recent BVDV outbreak series

by using next-generation sequencing. Furthermore, we used an

available BVDV-2 reverse genetic system with a strain carrying a

genome resembling the genomes of the recent highly virulent

strains to provide more insights into the genetics of the observed

unique virus mixture.
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MATERIALS AND METHODS

Cells, viruses, and RNA extraction.Bovine esophageal cells (KOP-R cells;
also calledRIE244 cells) were obtained from theCollection of Cell Lines in
VeterinaryMedicine (CCLV) at the Friedrich-Loeffler-Institut, Germany.
Cells were grown in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% BVDV-free fetal calf serum (FCS) and were used for
virus isolation and propagation and for transfection of in vitro-tran-
scribed RNA. The isolated viruses from six calves from different farms
analyzed in this study are listed in Table 1. BVDV-2 wild-type strain 890
(v890WT) (19) was kindly provided byH.Hehnen (Bayer AG,Monheim,
Germany). The recombinant virus v890FL was reconstituted after trans-
fection of RNA transcribed from the infectious cDNA clone p890FL into
KOP-R cells (20). RNAs from cell culture supernatant and body fluids
were extracted using TRIzol LS (Invitrogen, Life Technologies, Darm-
stadt, Germany) in combination with Direct-zol RNA columns (Zymo
Research, Freiburg, Germany) or in combination with RNeasy minikit
columns (Qiagen, Hilden, Germany).

Animal experiment.The animal trial was approved by the ethics com-
mittee of the responsible federal state, Mecklenburg Western Pomerania
(approval no. LALLF, Az 7221.3-2.5-009/13). Eight calveswere inoculated
intranasally with 106 50% tissue culture infective doses (TCID50) of the
NRW 19-13-8 isolate. In order to simulate an emergency vaccination
scenario, four animals were vaccinated at day 5 postinfection with a single
dose of a BVDV live vaccine (Vacoviron;Merial, Lyon, France). Blood and
organ sampleswere tested by reverse transcription-quantitative PCR (RT-
qPCR), using a standardized protocol (21).

Sequencing and sequence analysis. Deep sequencing was applied by
using both 454 (FLX genome sequencer; Roche, Mannheim, Germany)
and Illumina (MiSeq; Illumina, San Diego, CA) technologies. cDNA syn-
thesis, library preparation, and pyrosequencing were performed as previ-
ously described (22). For Illumina sequencing, the 454 libraries were
transformed into Illumina libraries by using a Nextera XT kit (Illumina)
according to the manufacturer’s recommendations. Raw sequence data
were analyzed and assembled using the Genome Sequencer software suite
(v. 2.6; Roche). Phylogenetic analysis of the open reading frames of dif-
ferent BVDV strains was performed with MEGA 5 (23). The TMHMM
tool (24) inGeneious 6.1.2 (Biomatters Ltd., Auckland,NewZealand)was
used for transmembrane prediction. For signal peptide prediction of po-
tential cleavage sites, the Emboss tool sigcleave (25) in Geneious 6.1.2 was

used. PCR amplicons of the p7-NS2 region were sequenced by classical
Sanger sequencing with a BigDye Terminator v1.1 cycle sequencing kit
(Applied Biosystems, Darmstadt, Germany). Subsequently, nucleotide
(nt) sequences were determined with a model 3130 genetic analyzer (Ap-
plied Biosystems).

Variant quantification. For calculation of the variant distributions
within isolates, RT-PCR of the p7-NS2 region was performed using prim-
ers 5=-TAC ATG ATA CTG TCT GAG CAG-3= and 5=-GCA GTT AAT
ACT ACT GCT ACA G-3= for BVDV-2c and primers 5=-GCT GAC ACA
CAG TGA TAT TGA GGT TGT GGT C-3= and 5=-GTC ACG TAG CTA
GCC AGC AAA AG-3= for the BVDV-2a strain. The SuperScript III One-
Step RT-PCR system with Platinum Taq High Fidelity polymerase (Life
Technologies, Darmstadt, Germany) was used for reverse transcription-
PCR per the manufacturer’s recommendations. In vitro-transcribed RNA
was digested with DNase I (Invitrogen), and subsequently, RNA was pu-
rified with Agencourt RNAClean XP beads (Beckman Coulter, Krefeld,
Germany) prior to PCR. PCR products were analyzed with a Bioanalyzer
2100 instrument (Agilent Technologies, Böblingen, Germany), using an
Agilent DNA 7500 chip. Quantification of the PCR products was done
using 2100 Expert software (version B.02.08.SI648 [SR2]; Agilent).

BVDV-2a 890 clone and transfection. BVDV-2a 890 (v890WT), a
virulent noncytopathogenic strain, was isolated from a cow which died
from acute infection. The BVDV-2a 890 open reading frame has a length
of 11,922 nucleotides corresponding to 3,973 amino acids. The open read-
ing frame is larger due to a 228-nucleotide insertion (19). The BVDV-2a
890 cDNAclone p890FL (here designated p890FL dup1)was described by
Mischkale et al. (20). The cDNA clone p890FL dup2 was generated by
deleting one copy of the duplicated p7-NS2 region from p890FL dup1

by restriction-free cloning (26). In vitro transcription of the cDNA was
performed using the T7 RiboMax large-scale RNA production system
(Promega, Mannheim, Germany) according to the manufacturer’s in-
structions, after linearizing the plasmids with SmaI. The amount of RNA
was estimated by ethidium bromide staining after agarose gel electropho-
resis. For RNA transfection, bovine cells were detached using a trypsin
solution, washed twice with phosphate-buffered saline without Ca21 and
Mg21 (PBS2), and mixed with 1 to 5 mg of in vitro-synthesized RNA.
Electroporation was done by using a GenePulser transfection unit (Bio-
Rad Laboratories GmbH,Munich, Germany) (two pulses at 850 V, 25mF,
and 156 V). Supernatants of transfected cells were harvested at 72 h post-
transfection, and serial passages of the recombinant virus v890FL were
performed on KOP-R cells.

Nucleotide sequence accession numbers.All genome sequences gen-
erated in this study are available from the International Nucleotide Se-
quence Database Collaboration (INSDC) databases under accession
numbers HG426479 to HG426495.

RESULTS

As the observed clinical picture was rather untypical for most
BVDV strains, we conducted an animal experiment in order to
clearly establish the isolated BVDV strain as the causative agent of
disease. Interestingly, the postinoculation application of a live
BVDV vaccine did not influence the clinical course, and all ani-
mals died acutely or had to be euthanizedwithin 11 days, resulting
in a mortality rate of 100%. All animals showed very high viral
loads in blood and organs, with quantification cycle (Cq) values of
,20 in the RT-qPCR, corresponding to about 105 genome copies
per ml blood. For comparison, the viral loads in blood of animals
acutely infected with BVDV are usually approximately 101 to 102

genome copies perml. Hence, this experiment unequivocally con-
firmed the unusual phenotype for a representative recent German
isolate (Fig. 1). For detailed genetic characterization, complete
viral genomes were deep sequenced directly from sample material
from one euthanized calf and from the previously isolated field
strains.

TABLE 1 Viruses analyzed in this study

Sample

Collection
date
(mo/yr) Regiona Virulence level

Presence of
duplicationb

INSDC
accession no.

NRW 12-13 02/2013 NRW High 2 HG426483

1 HG426484

NRW 14-13 02/2013 NRW High 2 HG426485

1 HG426486

NRW 19-13-1 03/2013 NRW High 2 HG426487

1 HG426488

NRW 19-13-8c 03/2013 NRW High 2 HG426489

1 HG426490

D37-13-2 06/2013 NRW High 2 HG426479

1 HG426480

D75-13-609 06/2013 NRW High 2 HG426481

1 HG426482

VOE 4007 2007 BW Low/moderate 2 HG426495

SH 2210-23 03/2010 SH Low/moderate 2 HG426494

Potsdam 1600 2000 BR Low/moderate 2 HG426491

SH 2210-14 03/2010 SH Low/moderate 2 HG426492

SH 2210-17 03/2010 SH Low/moderate 2 HG426493

a Federal state of Germany in which the samples were collected. NRW, North Rhine-

Westphalia; BW, Baden-Württemberg; SH, Schleswig-Holstein; BR, Brandenburg.
b Presence (1) or absence (2) of partial duplication of p7-NS2 detected by PCR and

sequence analyses.
c Virulence of the isolate was confirmed by an animal experiment (Fig. 1).
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Recent BVDV-2c strains carry a genomic duplication giving
rise to a new protein. In order to correlate the observed pheno-
type with a specific genotype, we applied deep sequencing of the
complete genomes of four isolates, using both 454 and Illumina
technologies. Sequence assemblies resulted in genome variants
with (dup1) or without (dup2) a 222-nt duplication within the
p7-NS2 coding region. Figure 2 schematically depicts the dup2

and dup1 variants at the nucleotide and amino acid levels, in
comparison with a German prototypic BVDV-2c strain (Potsdam
1600) and a virulent noncytopathogenic BVDV-2a strain
(BVDV-2a 890) (19). Interestingly, both BVDV-2c dup1 and
BVDV-2a 890 showed very similar duplications within the p7-
NS2 coding region.Heretofore, BVDV-2a 890was the only known
strain with such a duplication (19). Prediction of transmembrane
helices (Geneious, v. 6.1.2) revealed a striking structural similarity
of the resulting proteins of the two p7-NS2-duplicated strains
(Fig. 2B). However, bothmutants showed different adaptations in
the primary structure (Fig. 2B). Comparison of the dup1 variant
and the prototype BVDV-2c strain Potsdam1600 unveiled a num-
ber of adaptive mutations within the second copy of the dupli-
cated region, close to the p7-NS2 cleavage site (Fig. 2), while the
first copy, with a single exception, perfectly fitted the prototype
genome. Signal peptides were predicted (Emboss sigcleave [25])
for all genomes for both the prototypic and adapted p7-NS2 cleav-
age sites. Strikingly, comparison of the absolute scores calculated
by sigcleave for the predicted signal peptides showed that in both
BVDV-2c and BVDV-2a 890, the adapted signal sequences re-
ceived higher scores than the prototypic copies. Figure 2 displays
the locations of the predicted signal peptides by use of vertical
black arrows sized relative to the Potsdam 1600 score (arrow sizes
were calculated by determining the scoreStrainX/scorePotsdam1600 ra-
tio). According to the cleavage site prediction, the duplication
putatively results in either an extended p7 or NS2 protein or an
additional short protein, of 74 amino acids (NS21–37-p734–70),
with a hydrophobicity pattern very similar to that of the p7 protein
(Fig. 2B).

BVDV-2c isolates are a mix of three different genomic vari-
ants. In order to confirm the existence of the duplication within
the p7-NS2 region, PCR followed by Sanger sequencing of the

PCR products was done. Analyses of PCR amplicons confirmed
the existence of the dup1 genome and clearly showed that both the
dup1 and dup2 variants coexisted in all samples from the recent
outbreak (Fig. 3A; Table 1). Detailed analyses of the obtained
deep-sequencing reads shed further light on the composition of
the population. Due to specific sequence signatures, it was possi-
ble to sort the reads into different subpopulations. The first sub-
population comprised reads spanning the newly generated
NS2–p7 fusion site plus at least 20 nt at either side. These were
extracted from the complete data set and could be assembled into
a single contig (a single contiguous sequence built from multiple
short reads) representing nucleotides 3290 to 3721 of the dup1

open reading frame, thereby proving the existence of the dup1

genomes. The second subpopulation contained reads represent-
ing the duplicated p7-NS2 region, but without the newly gener-
ated NS2–p7 fusion site. Assembly of the reads representing the
second subpopulation resulted in dup2 full-genome sequences
with either an adapted or nonadapted p7 cleavage site. Accord-
ingly, reads of the second subpopulation could be subdivided fur-
ther by the existence of adaptive mutations. In-depth analysis of
the sequencing reads clearly showed that the mutations at posi-
tions 143, 149, and 155 in p7 (Fig. 2A) were strictly linked. The
mutations at positions 4 and 14 in the NS2-encoding region (Fig.
2A) were likewise strictly coupled. In contrast, mutations at posi-
tions 61 and 64 in NS2 (Fig. 2A) could not be found together in a
single read but, rather, were mutually exclusive.

The dup2 genomes could be distinguished based on the differ-
ent patterns of mutations found in the different copies of the du-
plicated region (Fig. 4A). As mentioned above, reads representing
the dup1 genome can be identified by the unique NS2–p7 fusion
site. By analogy, reads representing either of the possible dup2

genomesmust have certain combinations of nucleotide variations
arising from combinations of the different modules (p7100–210
copies 1 and 2 and NS21–111 copies 1 and 2). As can be seen in Fig.
4A, the dup2

1 variant comprised a G64A mutation within its
NS21–111 module as the single variation and was flanked by the
original context at its 3= end, i.e., flanked by NS2112–453 instead of
the NS2–p7 fusion site. The dup2

2 variant (Fig. 4A) contained six
mutations scattered across the p7100-NS111 region in the dup1

second copy and was flanked by the original p71–100 module, in-
stead of the newly arisen fusion site, at its 5= end. Finally, the
dup2

3 variant (Fig. 4A) was reflected by reads with A4G, C14T,
and T61Gmutations in the NS21–111module but was flanked by a
completely prototypic p7100–210 module, i.e., without the T143C,
T149C, and G155T mutations within that region. However, none
of the reads encompassing p7100–210 and NS21–111 represented the
first, i.e., unmutated, copy of the p7100–210 module and, at the
same time, the A4G and C14Tmutations within NS21–111. There-
fore, analysis of the sequence reads obtained from deep sequenc-
ing enabled us to rule out the existence of the dup2

3 variant.
Altogether, from our in-depth analysis, it was concluded that

three different genome variants existed in the populations: the
genome with a duplication (dup1), in which adapted and non-
adapted p7-NS2 cleavage sites coexisted in a single genome in a
fixed order, as well as a mixed population of two different ge-
nomes without duplication (dup2), with either an adapted or
nonadapted p7-NS2 cleavage site (Fig. 4A).

dup2 genomes are generated de novo from dup1 genomes
during replication.The observation that the dup2 genomes com-
prised either the adapted or nonadapted p7-NS2 cleavage site im-
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FIG 1 Survival of 8-week-old calves infected with the German BVDV-2c iso-
late NRW 19-13-8, with (n 5 4) or without (n 5 4) emergency vaccination at
5 days postinfection.
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plied that the dup2 genomes were generated de novo during rep-
lication by deletion of either of the copies. To confirm this theory,
we used the cloned BVDV-2a 890 strain (p890FL) as a model
system. For this purpose, PCRproductswere generated fromRNA
derived from v890FL dup1 after 2, 3, and 4 cell culture passages.
RNA from v890FL after the first passage was not analyzed because
the results would not be reliable due to in vitro-transcribed RNA

from transfection remaining in the preparation. In parallel, we
generated PCR products from v890WT, p890FL dup1, and in
vitro-transcribed RNAs thereof, with p890FL dup2 as a control.
These PCR products were analyzed using an Agilent Bioanalyzer
2100 and by sequencing. As expected, both p890FL dup2 and
p890FLdup1 contained only one variant each (Fig. 3B, lanes 3 and
4), i.e., the variant encoded by the plasmid. Not surprisingly,

FIG 2 Schematic representation of p7- and NS2-encoding regions of the genomes of a prototypic BVDV-2c strain (Potsdam 1600), dup2 and dup1 variants
from the recent BVDV infections inNRW,Germany, and the previously described highly virulent BVDV-2a strain 890. Corresponding parts of the genomes and
the deduced proteins are depicted in corresponding colors (light and dark). (A) Structural variations at the genomic level, with the observed nonsynonymous
mutations located within the duplicated region highlighted. (B) Implications of the genomic variations at the amino acid level, with the amino acid substitutions
located within the duplication highlighted. The predicted transmembrane helices (TM) are shown as red arrows. Predicted cleavage sites are indicated by vertical
arrows sized relative to the prototype cleavage site according to scores obtained with Emboss sigcleave.
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v890WT showed PCRproducts for both dup1 and dup2 genomes
(Fig. 3B, lane 2), confirming the general mechanism of the gener-
ation of dup2 from dup1 genomes. Most importantly, this anal-
ysis revealed that during replication, v890FL dup1 constantly gen-
erated dup2 genomes (Fig. 3B, lanes 6 to 8). Surprisingly, in vitro
transcription of p890FL dup1 by T7 DNA-dependent RNA poly-
merase also generated dup2 variants (Fig. 3B, lane 5). Therefore, it
can be concluded that a single mechanism enables the de novo
generation of dup2 genomes both in vitro and during viral repli-
cation.

The dup1 genome is obligatorily accompanied by a dup2 ge-
nome. Interestingly, neither a dup1 nor dup2 genome alone
could be found within any of the recent highly virulent BVDV-2c
isolates, but both genomes were obligatorily accompanied by each
other (Fig. 3A). Despite all efforts, we did not succeed in isolating
a pure dup2 variant (data not shown). The first attempts to sepa-
rate dup2 from dup1 genomes were limiting-dilution experi-
ments using 10-fold serial dilutions in 96-well microtiter plates
withKOP-R cells.We then triedmolecular cloningwith themodel
system, i.e., generation of a plasmid-borne complete genome
(p890FL dup2) from which virus might be rescued in cell culture
after transfection of in vitro-transcribed RNA. However, in con-
trast to efficient rescue of the v890FL dup1 variant, we were not
able to rescue v890FL dup2 from several independent clones and
transfection experiments. A reason for the failure to isolate a dup2

strain might possibly be replication incompetence of the dup2

variants caused by the observed adaptive mutations, i.e.,

dup2 strains might need a helper virus for their replication. In
addition, as dup1 genomes constantly generate dup2 genomes de
novo during replication (Fig. 3), it was not possible to isolate dup1

genomes from dup2 genomes.
RNA secondary structure enables copy deletions. We hy-

pothesized that the deletions might be facilitated by genomic sec-
ondary structures. In order to test this hypothesis, we used mfold
RNA folding (27) for secondary structure prediction within the
duplicated p7-NS2 region, flanked by 111 nt at each side. Figure
4B displays the predicted secondary structures in circle graphs. In
these graphs, the bases are arranged clockwise along the outer
circle, and each arc within the circle represents an interaction be-
tween two bases. The color of each arc indicates the predicted base
pairing (red 5 G-C, blue 5 A-U, and green 5 G-U). For conve-
nience, the interacting regions that enable the deletion of either of
the copies are highlighted in red on the outer circle (Fig. 4B). All
predicted secondary structures enable the generation of dup2

1

and dup2
2 genomes, but not dup2

3 genomes, by bringing corre-
sponding regions of the two copies into close proximity, thereby
providing an opportunity for the polymerase to circumvent one of
the copies during replication. Although base interactions are not
found exactly at the start positions of the duplicatedmodules (Fig.
4B and C), elimination of the bases between interacting sites re-
sults in the observedmutation patterns of dup2 genomes. During
synthesis of the negative strand, generation of dup2

2 genomes
would occur, while dup2

1 genomes would be generated during
positive-strand synthesis.
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dup1 genomes are the major component of the virus popu-
lation. As shown above, dup2 genomes are probably generated
fromdup1 genomes during replication of the virus. Therefore, we
were interested in the proportions of dup1 and dup2 genomes.
Quantification of the portions of the different genomes (dup1,
dup2

1, and dup
2
2 genomes) was possible based on the analysis of

reads from deep sequencing, representing the different combina-
tions of themodules. According to in-depth sequence analysis (see
above), the portion of dup2 genomes within BVDV-2c isolate
NRW 19-13-8 was estimated to be approximately 1%. Moreover,
we were interested in the portions of dup2

1 and dup2
2 genomes

within isolate NRW 19-13-8. Therefore, we sequenced the dup2
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PCR product excised from an agarose gel with Illumina MiSeq
sequencing to a sequence depth of roughly 68,000. Within this
data set, we identified approximately 33% dup2

2 and 66% dup2
1

genomes based on the mutation patterns described above.
Because the estimation of the dup1 and dup2 proportions was

not possible for all isolates due to insufficient sequence depth, as
an alternative measure, we quantified the dup1 and dup2 ge-
nomes of the different isolates based on PCR products in combi-
nation with Agilent Bioanalyzer 2100 analysis (Fig. 3; Tables 2 and
3). Qualitative and semiquantitative PCR analyses of the isolates
of the recent outbreak (Fig. 3A, lanes 3 to 6), virus reisolated from
an experimentally infected animal (Fig. 3A, lane 7), and the refer-
ence strain Potsdam 1600 (Fig. 3A, lane 1) showed that in all
isolates except for Potsdam 1600 (only dup2 genomes), both
dup1 and dup2 genomes were present. Agilent quantification of
PCRproducts revealed similar and surprisingly stable proportions
(approximately 5% dup2 and 95% dup1 genomes) compared to
sequence read analysis of BVDV-2c. For v890WT in comparison
with BVDV-2c, we found a clearly larger proportion of dup2 ge-
nomes (33%) (Fig. 3B, lane 2). In the rescued v890FL dup1 strain,
the mix of dup1 and dup2 genomes was as stable as the mix for
BVDV-2c through different passages, with about 75% dup1 and
25% dup2 genomes (Fig. 3B, lanes 6 to 8). As expected, 100% of
the respective PCR products were detected for the controls,
p890FL dup2 and p890FL dup1 (Fig. 3B, lanes 3 and 4).

Recent BVDV-2c strains are closely related to one another.
Finally, phylogenetic analysis of the full-length dup1 and dup2

genome sequences (MEGA 5) (20) (Fig. 5) confirmed the prelim-
inary results for the 5=-untranslated region (1). Sequences of
recent highly virulent isolates clustered closely with various pro-
totypic German BVDV-2c strains (Fig. 5, “References, Germany”;
also see Table 1) but formed their own subcluster within this
group. Sequence identities of dup2 genomes and German
BVDV-2c references ranged between 97.4% and 98%. For dup1

genomes, the identity decreased to 95.6% to 96.2% due to the
duplication.

DISCUSSION

Severe BVDV outbreaks with type 2 strains have been described
before (28), but detailed sequence analysis by deep sequencing, to
our knowledge, was not used before to characterize the full-length
genomes of the causative strains. Therefore, we applied next-gen-
eration sequencing to define the genetic properties of the isolated
BVDV strain. Interestingly, deep sequencing resulted in several
novel findings and revealed two major important points: (i) the
majority of BVDV-2c strains have a characteristic duplication of

222 nt within the p7-NS2 region (dup1 variant), and theminority
(less than 5%) resembles the genome of related BVDV-2 strains
which are normally not highly virulent (dup2 variants); and (ii)
the dup1 variant is the source for the de novo generation of the
dup2 variants during virus replication. This could be proven by
using the available infectious clone system (20) for BVDV-2a 890
(p890FL dup1), which constantly generates the dup2 variant dur-
ing virus replication. As a consequence of the constant de novo
generation of dup2 genomes by deletion of the duplication from
dup1 genomes, the virus variants cannot be separated. A separate
investigation of the dup1 variant, e.g., concerning virulence, is
therefore impossible. Although individual characterization of
dup1 or dup2 genomes is not feasible, it is very unlikely that the
increased virulence of themixed population is caused by the dup2

variant, for two important reasons. (i) The observed constantly
low percentage of 5% or even less of the virus population for all
tested highly virulent isolates does not provide an indication for
dup2 genomes as the cause of high virulence. (ii) The genome
structure of dup2 genomes fits the well-known prototypic struc-
ture of BVDV-2 strains, for which, in the vastmajority of cases, no
high virulence was reported (28). Our results also clearly show
that the existence of the dup1 and dup2 variants is always linked.
The dup2 variants are therefore not ancestors of the duplicated
variant, as we initially expected, but rather the duplicated genome
is the source of the versions without duplication. The fact that the
percentage of dup2 genomes remains constant for different iso-
lates, both after animal infection and cell culture passaging and in
the different field isolates, argues for an equilibration between
dup1 and dup2 genomes and for a marked replication advantage
of the dup1 virus. We therefore concluded that the dup1 variant
alone or the dup1 variant together with the less prominent dup2

variant is responsible for the observed phenotype.
A duplication resembling that of recent BVDV-2c strains was

reported previously (19), but only the dup1 variant was detected.
Interestingly, we were also able to detect a dup2 variant in the
available BVDV-2a 890 wild-type virus isolate (v890WT) by PCR
analysis and subsequent sequencing of the PCR products. Ridpath
and Bolin (19) concluded that the duplication was not a prereq-
uisite for virulence, since five other virulent BVDV-2 isolates were
negative when tested for the presence of the insertion. However, it
could not be excluded that the duplication is a crucial factor for
the respective strain or strain composition and is therefore directly
linked with high virulence. The pathogenesis of BVDV-2c behind
the observed clinical picture in both experimental and field infec-
tions might be caused by mechanisms similar to those discussed
for highly virulent classical swine fever viruses, which are related

TABLE 3 Variant quantification for BVDV-2a 890

Sample % dup2 genomes % dup1 genomes

v890WT 32.7 67.3

p890FL dup2 100 NAb

p890FL dup1 NAb 100

p890FL dup1 in vitro transcript 24.1 75.9

v890FL dup1 2nd passage 21.2 78.8

v890FL dup1 3rd passage 23.9 76.1

v890FL dup1 4th passage 21.5 78.5

Avga 22.2 77.8
a Average for passaged v890FL dup1.
b NA, not applicable.

TABLE 2 Variant quantification for BVDV-2c

Sample % dup2 genomes % dup1 genomes

Potsdam 1600 100 NAc

NRW 12-13 3.3 96.7

NRW 14-13 4.8 95.2

NRW 19-13-1 4.4 95.6

NRW 19-13-8 5.1 94.9

NRW 19-13-8a 4.7 95.3

Avgb 4.5 95.5
a Reisolated after animal experiment.
b Average without Potsdam 1600 data.
c NA, not applicable.
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pestiviruses (29). As a main factor, a higher replication efficacy
together with immunopathogenic mechanisms, including cyto-
kine dysregulation, are assumed (30). Additional studies looking
for immunotolerant persistently infected calves in the outbreak
region, as well as molecular attenuation of the original isolates,
will allow further insights.

For members of other virus families, duplications have been
reported before, either for complete genes (31–33) or for only
parts within open reading frames (34–36), and in some cases were
also connected to very high virulence. For example, Perdue and
colleagues (35) reported a highly pathogenic influenza virus in
which the polybasic cleavage site was generated by duplication of
part of a purine-rich region.

Inmost cases, BVDVvariantswith insertions, pointmutations,
or duplications in the nonstructural proteins are observed in cy-
topathic (cp) strains isolated from animals suffering from the so-
called mucosal disease (15). In these cases, a cp strain is generated
de novo from the persisting noncytopathic (ncp) virus, resulting in
a “matching pair” of cp and ncp viruses which finally kill the host.

Several different cp variants have been described, including vi-
ruses with sequence duplications, and the p7-to-NS3 genome re-
gion is the region affected most often (37, 38). A similar mecha-
nism probably led to the generation of a noncytopathogenic
highly virulent virus variant by duplication within the p7-NS2
region. Similar BVDV-2c strains without duplication were iso-
lated in Germany (e.g., the Potsdam 1600 strain), andmost likely,
an inconspicuous persistently infected calf was the source of the
novel variant, which subsequently spread to other farms.

Interestingly, the duplication occurred upstream of the known
“hot spot” region for cp BVDV (37). The observed unique adap-
tive mutations in the p7-NS2 region are remarkable, since the
p7-encoding genome part, in general, appears to be highly con-
served in all pestiviruses (39). Only these very specific single nu-
cleotide polymorphisms (SNPs) allowed the detection and differ-
entiation of the duplicated genome parts by deep sequencing. In
addition, these changes are unique, and these combinations of
SNPs cannot be found in any other pestivirus sequence in the
databases, proving that they are most likely the consequence of an

BVDV 2 NRW 19-13-1 dup+
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adaptation to the duplicated sequences. We therefore cannot ex-
clude that besides the duplication, these adaptive SNPs especially
are important for the very virulent phenotype. Furthermore, our
results fuel the implication of the p7-NS2 duplication in the high-
virulence phenotype, which was controversially discussed before
(19).

We showed that de novo generation of two of the three theo-
retically possible dup2 variants indeed occurs during viral repli-
cation of the dup1 genome. dup2 genomes are also produced by
T7 DNA-dependent RNA polymerase in vitro during transcrip-
tion of viral genomes from the cloned virus. In addition, we have
a clear indication that RNA secondary structures possibly easily
enable the generation of the two deleted variants, during minus-
and plus-strand synthesis. The observed proportions of 33%
dup2

2 genomes, generated during negative-strand synthesis, and
66% dup2

1 genomes, generated during positive-strand synthesis,
are in accordance with the data of Gong and colleagues (40), who
reported that for BVDV, synthesis and accumulation of positive-
strand viral RNA are 2- to 10-fold higher than those of negative-
strand viral RNA. Themechanism of RNA polymerase “jumping”
at RNA secondary structures was also suggested for the generation
of the above-mentioned highly pathogenic avian influenza virus
(35). By analogy, the mechanism underlying the initial duplica-
tion could be an intermolecular interaction between similar
genomic regions leading to recombination of two genome copies
during replication. This would be the reverse of what is shown in
Fig. 4 for RNA secondary structures that enable the deletion of
either of the copies. The introduction of the adaptive mutations
after the insertion of the duplication would then be accomplished
easily during genome replication by the error-prone viral RNA-
dependent RNA polymerase. These different lines of argument
indicate a general mechanism for the introduction of variations
into viral genomes that is dependent on the viral RNA poly-
merases and their immanent errors in combination with nucleic
acid secondary structures. Unfortunately, the de novo-generated
BVDV-2c dup2 variants could not be separated from the dup1

variant, and it could therefore not be proven if autonomous rep-
lication and virus growth are supported by these genomes. This
might be caused by the adaptive SNPs in the duplicated region or
elsewhere in the genome. The constant but minor presence of the
dup2 variants in all tested isolates of both BVDV-2 strains could
also be an indication of a reduced replication activity of the dup2

genome variants.
At the amino acid level, the duplication can possibly lead to an

extended p7 or NS2 protein. The extended p7 or NS2 protein
would occur if the nascent polyprotein were cleaved at only one of
the two cleavage sites indicated in Fig. 2B. Alternatively, the du-
plication could give rise to an additional short protein (NS21–37-
p734–70), which would be generated by cleavage of the polyprotein
at both predicted cleavage sites (Fig. 2B). According to transmem-
brane segment prediction, this potentially newly arising NS21–37-
p734–70 fusion protein clearly resembles the p7 protein. Thus, it
can be speculated that an additional protein (NS21–37-p734–70) is
processed which structurally fits the p7 protein. As p7 is assumed
to act as a so-called “viroporin” and is involved in virus assembly
and release (41, 42), a new p7-like protein would be a hint for
more effective assembly and release and could therefore cause a
higher level of virulence. However, future investigations are espe-
cially necessary in order to elucidate the functional consequences
of the duplication for protein processing and functionality.

In conclusion, we describe here a very detailed deep-sequenc-
ing analysis of a unique pestivirus strain composition connected
with extreme virulence for cattle, demonstrating the importance
of next-generation sequencing for the analysis of novel and unex-
pected genomes. Our study emphasizes the importance of full-
genome deep sequencing in combination with manual in-depth
data analysis for the investigation of viruses in basic research and
diagnostics.
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ABSTRACT

The incidence of human cowpox virus (CPXV) infections has increased significantly in recent years. Serological surveys have

suggested wild rodents as the main CPXV reservoir. We characterized a CPXV isolated during a large-scale screening from a fe-

ral common vole. A comparison of the full-length DNA sequence of this CPXV strain with a highly virulent pet rat CPXV isolate

showed a sequence identity of 96%, including a large additional open reading frame (ORF) of about 6,000 nucleotides which is

absent in the reference CPXV strain Brighton Red. Electron microscopy analysis demonstrated that the vole isolate, in contrast

to the rat strain, forms A-type inclusion (ATI) bodies with incorporated virions, consistent with the presence of complete ati and

p4c genes. Experimental infections showed that the vole CPXV strain caused only mild clinical symptoms in its natural host,

while all rats developed severe respiratory symptoms followed by a systemic rash. In contrast, common voles infected with a high

dose of the rat CPXV showed severe signs of respiratory disease but no skin lesions, whereas infection with a low dose led to vi-

rus excretion with only mild clinical signs. We concluded that the common vole is susceptible to infection with different CPXV

strains. The spectrum ranges from well-adapted viruses causing limited clinical symptoms to highly virulent strains causing se-

vere respiratory symptoms. In addition, the low pathogenicity of the vole isolate in its eponymous host suggests a role of com-

mon voles as a major CPXV reservoir, and future research will focus on the correlation between viral genotype and phenotype/

pathotype in accidental and reservoir species.

IMPORTANCE

We report on the first detection and isolation of CPXV from a putative reservoir host, which enables comparative analyses to

understand the infection cycle of these zoonotic orthopox viruses and the relevant genes involved. In vitro studies, including

whole-genome sequencing as well as in vivo experiments using the Wistar rat model and the vole reservoir host allowed us to

establish links between genomic sequences and the in vivo properties (virulence) of the novel vole isolate in comparison to those

of a recent zoonotic CPXV isolated from pet rats in 2009. Furthermore, the role of genes present only in a reservoir isolate can

now be further analyzed. These studies therefore allow unique insights and conclusions about the role of the rodent reservoir in

CPXV epidemiology and transmission and about the zoonotic threat that these viruses represent.

Cowpox virus (CPXV), a member of the genus Orthopoxvirus

(OPV) in the Poxviridae family, is suspected to be widespread

inWestern Eurasian rodents, particularly vole species (1, 2). From

the presumed reservoir hosts, spill-over infections to accidental

hosts are regularly observed (3). The accidental hosts include do-

mestic cats and also exotic animals in zoos, such as large felids and

elephants, which regularly develop severe disease (3). As CPXV is

a zoonotic virus, humans in direct contact with infected accidental

hosts are at risk of infection, while direct infection of humans

from presumed reservoir hosts has never been reported. Pet rat-

associated human CPXV infections resulted in an epidemiologi-

cally linked infection cluster in France and Germany in 2009 (4–

6). Interestingly, these human cases resulted from a single CPXV

strain that was spread by the infected pet rats and most likely was

also responsible for an infection of awoman in France 2 years after

the original episode (7). While disease symptoms and virological

data are well documented for human infections and infections of

domestic and standard laboratory animals, data on the reservoir

host consist primarily of serological surveys, with the exception of

experimental infection studies in bank voles (Myodes glareolus),

field voles (Microtus agrestis), and wood mice (Apodemus sylvati-

cus) (8, 9). Using a CPXV strain isolated from a cat, only verymild

clinical signs were recorded in the experimentally infected rodent

hosts, and CPXV could be reisolated from the inoculation sites

only (8). Nevertheless, epidemiological surveys based on the se-

rology of different vole populations in Europe demonstrated re-

peated CPXV infection cycles (10–13). However, CPXVwas never
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recovered from the presumed reservoir hosts in Central, North-
ern, or Western Europe although the presence of viral genomes
was verified (14). Indeed, the only reported vole reservoir sample
from which CPXV was isolated originated from a Russian root
vole (15), but that virus was never characterized in any detail. In
addition, whereas laboratory breeds of selected mouse strains are
used for CPXV inhibitor research (16) and whereas rats are used
for assessment of viral pathogenicity (17, 18), the nature of CPXV
infection in common voles has never been documented.

Here, we describe, to our knowledge, for the first time the in
vitro and in vivo characterization of a CPXV strain isolated from a
reservoir host, the common vole (Microtus arvalis). Whole-ge-
nome sequence analysis of the reservoir-derived CPXV allowed
sequence comparisons to a rat isolate and the reference strain
Brighton Red (BR). Infection experiments using Wistar rats as a
surrogate animal model and common voles as the original reser-
voir host were performed to evaluate differences in pathogenicity
levels of virus strains as well as similarities or differences of clinical
symptoms. These experiments revealed various pathogenic po-
tentials among the CPXV strains and suggest mild disease but
efficient spread of the reservoir isolate and an increase in virulence
after a host switch.

MATERIALS AND METHODS

Viruses. CPXV strain FM2292 was isolated from the liver of a female
common vole, Microtus arvalis (KS11/2292), collected during a large ro-
dent screening project of the network Rodent-borne Pathogens on a
grassland site in the federal state of Baden-Wuerttemberg, Germany, in
October 2011 (19). The trapping of rodents was coordinated by the Julius
Kühn-Institut, Münster, Germany, and approved by the responsible au-
thority, the Regierungspräsidium Stuttgart (Landwirtschaft, ländlicher
Raum, Veterinär- und Lebensmittelwesen, permit number BW 35-
9185.82/0261). The screening of the rodent samples was performed ac-
cording to the following protocol. DNA was extracted using a BioSprint
96 instrument and a MagAttract Virus Mini M48 kit (both, Qiagen,
Hilden, Germany) from liver samples of individual rodents, and an or-
thopoxvirus (OPV)-specific quantitative PCR (qPCR) assay was applied
(20). The CPXV rat isolate (RatPox09) was obtained from a diseased pet
rat, which had infected two humans in southern Germany in 2009, and
had already been characterized by experimental infection of Wistar rats
(17). CPXV strain BR was used as the reference strain. All CPXV strains
were propagated on Vero76 cells (Collection of Cell Lines in Veterinary
Medicine [CCLV], Friedrich-Loeffler-Institut, Greifswald-Insel Riems,
Germany) and amplified to stock titers of approximately 107 50% tissue
culture infective doses (TCID50) ml21.

NGS. For next-generation sequencing (NGS), viral DNA was ex-
tracted using a High Pure PCR template preparation kit (Roche, Mann-
heim, Germany) according to the manufacturer’s instructions. Subse-
quently, 0.5 to 1 mg of DNA was fragmented to approximately 300 bp
using a Covaris M220 ultrasonicator (Covaris, Brighton, United King-
dom). For library preparation, the fragmented DNA was prepared using
NEXTflex DNA bar codes compatible with Illumina systems (Bioo Scien-
tific, Austin, TX, USA) and SPRIworks Fragment Library Cartridge II
(Beckman Coulter, Fullerton, CA, USA) on a SPRI-TE library system
(Beckman Coulter). As the size selection step was skipped during auto-
mated library preparation, upper- and lower-size exclusion of the library
was donemanually with Ampure XPmagnetic beads (Beckman Coulter).
The quality of the library was checked on a Bioanalyzer 2100 (Agilent
Technologies, Böblingen, Germany) using a high-sensitivity DNA chip
and corresponding reagents. Quantity was determined via qPCR with a
Kapa Library Quantification kit (Kapa Biosystems, Wilmington, MA,
USA). Sequencing was performed on an Illumina MiSeq using a MiSeq
reagent kit, version 2 (Illumina, San Diego, CA, USA).

Data analysis. For de novo assembly and reference mapping, the Ge-

nome Sequencer software suite (version 2.8; Roche, Mannheim, Ger-

many) was used. Assembled contigs were connected according to infor-

mation in the 454ContigGraph.txt file. For reference mapping against the

assembled genome, the -rst 0 parameter (repeat score threshold) was

used; therefore, reads were mapped to both inverted terminal repeats

rather than to just one.

Genome annotation and comparison. Generated full-genomic se-

quences were annotated using the nomenclature of CPXV reference

strain BR deposited in the NCBI RefSeq database (www.ncbi.nlm.nih.gov

/refseq/; complete genome, GenBank accession number AF482758). Open

reading frames (ORFs) not annotated in BR were numbered as follows:

gCPXV0XXX for forward and reverse genes and pCPXV0XXX for pro-

teins. Nomenclature was chosen in relation to BR nomenclature with

additional prefixes to distinguish both. Genomic sequences were aligned

in Geneious (version 8.0.5) (21) using theMAFFT algorithm (22). A sim-

ilarity plot of the aligned sequences was generated using the plotcon tool

(EMBOSS, version 6.3.1) (23). Parameters were winsize 180, scorefile ED-

NAFULL, and graph data. Data were normalized to a range of 0 to 1 and

plotted in R (version 3.1.1) (24).

Phylogenetic analysis. For determination of the CPXV clade, avail-

able full-length genomes of OPVs in GenBank were aligned in Geneious

(version 8.1.3) using theMAFFT algorithm (22), and the coding region of

vaccinia virus (VACV) strain Copenhagen (VACV-Cop C23L-B29R)

(GenBank accession number M35027) as described by Carroll et al. (25)

was selected. Phylogenetic analysis was done using IQ-Tree (version 1.2.2)

(26) with the best-fitting model and 5,000 ultrafast bootstraps.

Virus growth kinetics. Overnight cultures of Vero, HeLa, rat lung,

and bank vole kidney cells (27) were infected with CPXV FM2292, CPXV

RatPox09, or BR using multiplicities of infection (MOIs) of 0.01 or 3.

After an incubation period of 60 min at 37°C, the cells were washed three

times with phosphate-buffered saline (PBS). Afterwards, 1 ml of fresh

culture medium (Dulbecco’s modified Eagle’s medium [DMEM]) was

added to each well. In total, samples were obtained at five different time

points after infection (0 h, 6 h, 12 h, 24 h, and 48 h). Two technical

replicates were done, and the whole experiment was performed in dupli-

cate (n 5 4 per time point). Virus titers were determined by endpoint

dilution and calculated as TCID50 per milliliter.

Electron microscopy. For morphological examinations of ultrathin

sections, Hep-2 cell cultures (CCLV, Friedrich-Loeffler-Institut) were in-

fected with strain BR, RatPox09, or FM2292 at an MOI of 0.1. Cells were

fixed at 36 h postinfection (p.i.) for 60 min with 2.5% glutaraldehyde

buffered in 0.1 M Na-cacodylate, pH 7.2 (300 mosmol; Merck, Darm-

stadt, Germany). Cells were then scraped off the plate and pelleted by

low-speed centrifugation and embedded in low-melting-point (LMP)

agarose (Biozym, Oldendorf, Germany). Small pieces were postfixed in

1.0% OsO4(aq) (Polysciences Europe, Eppelheim, Germany) and stained

with uranyl acetate. After stepwise dehydration in ethanol, cells were

cleared in propylene oxide, embedded in Glycid ether 100 (Serva, Heidel-

berg, Germany), and polymerized at 59°C for 4 days. Ultrathin sections of

epoxy resin-embedded material, counterstained with uranyl acetate and

lead salts, were examinedwith a 120-kV transmission electronmicroscope

(FEI Tecnai Spirit G2; Eindhoven, The Netherlands).

Animal experiments. Mixed-sex Wistar rats at 5 to 6 weeks of age

(outbred; Charles River, Sulzfeld, Germany) and 3- to 4-month-old

mixed-sex common voles (outbred; Federal Environment Agency, Berlin,

Germany) were housed in groups of 2 to 4 animals (rats) or separately

(common voles) in standard laboratory rodent cages. All animal experi-

ments were approved by the Ministry of Agriculture of Mecklenburg-

Vorpommern, Germany (reference numbers LALLF M-V/TSD/7221.3-

2.1.-005/09 and LALLF MV 7221.3-1.1-020/13).

The experimental design complied with the experiments published

previously (17, 18). Eleven rats and 9 common voles were infected orona-

sally with CPXV strain FM2292 in two groups using titers of 104 and 106

TCID50/animal, respectively. Additionally, 10 (5 per dose group) com-
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mon voles were inoculated oronasally with CPXV strain RatPox09 (104 or
106 TCID50/animal). Body temperature, weight, and general health status
of all animals were checked daily over a period of 30 days, and every other
day oropharyngeal swabs (Bakteriette; EM-TE Vertrieb, Hamburg, Ger-
many) were taken. The animals were either humanely killed for autopsy
on days 5 or 30 p.i. or when severe signs of disease were apparent. All
animals were dissected for collection of organ specimens. Blood was
drawn from freshly deceased animals, and peritoneal lavage samples were
taken from common voles at 30 days p.i. In addition, inoculation of BR
using titers of 104 or 106 TCID50/animal was performed usingWistar rats
(12 animals). Swab samples were taken every other day, and the experi-
ment was finalized at 24 days p.i.

Oropharyngeal swab samples were resuspended in 2 ml of cell culture
medium supplemented with antibiotics (enrofloxacin, 1mg/ml; gentami-
cin, 0.05 mg/ml; lincomycin, 1 mg/ml). Samples of organ tissue were
transferred to reaction tubes containing 1 ml of DMEM supplemented
with 10% fetal bovine serum (FBS), antibiotics (1% penicillin-streptomy-
cin [PenStrep]), and stainless steel beads (diameter, 5 mm). The samples
were subsequently homogenized (TissueLyser II; Qiagen, Hilden, Ger-
many). DNA from all swab and organ samples was extracted using a
BioSprint 96 instrument and a MagAttract Virus Mini M48 kit (both,
Qiagen) and then quantified by real-time PCR using an OPV DNA-spe-
cific protocol (20). In addition, endpoint dilution assays using the Spear-
man-Kärber algorithm were done for each swab and organ sample. To
detect virus-specific antibodies in sera of infected animals, serum samples
were incubated for 30 min at 56°C. Subsequently, CPXV virus-infected
Hep2 cells (fixed with methanol-acetone at 1:1 and incubated with Tris-
buffered saline plus Tween [TBS-T] for 30 min) were incubated for 1 h at
room temperature with a 1:200 or 1:500 dilution of serum. After three
washing steps with PBS, commercial anti-mouse and anti-rat conjugates
as secondary antibodies (both, Life Technologies) were used. Evans Blue
(Sigma-Aldrich, Deisenhofen, Germany) was added to stain the cyto-
plasm of the infected cells.

Nucleotide sequence accession numbers. The complete coding se-
quences of CPXV FM2292 and RatPox09, with the exception of the ter-
minal loop regions, were deposited in the DDBJ/ENA/GenBank under
accession numbers LN864566 and LN864565, respectively.

RESULTS

Isolation of a CPXV from a common vole.During the large-scale
screening of rodent tissues, one liver sample of a feral common
vole scored positive for the CPXV genome by our diagnostic
qPCR. The female common vole was collected during a screening
programof rodents in the federal state of Baden-Wuerttemberg in
Germany in 2011 (19). Virus isolation using Vero76 cells finally
resulted, in the fourth passage, in a high-titer stock (107 TCID50

ml21) of the vole isolate named FM2292.
Whole-genome analysis of CPXV from a common vole. The

complete coding sequences of CPXV FM2292 (DDBJ/ENA/Gen-
Bank accession number LN864566) and RatPox09 (DDBJ/ENA/
GenBank accession number LN864565), with the exception of the
terminal loop regions, were generated by NGS. The obtained se-
quences comprise 227,639 bp for FM2292 and 228,162 bp for
RatPox09 (Table 1). The inverted terminal repeat regions (ITRs)
are approximately 7.2 kbp and 7.6 kbp in length, respectively,
which result in core genome regions of 213,300 bp (FM2292) and
212,800 bp (RatPox09) (Table 1). The nucleotide sequence of
FM2292 had the highest identity (98%) to a human isolate from
1998 in Germany (GenBank accession number HQ420897), while
CPXV isolates FM2292 and RatPox09 have an overall identity of
96%. Both isolates have a nucleotide sequence identity of ap-
proximately 92% to the reference CPXV strain BR. Figure 1
shows a similarity plot of all three genomes over a window size
of 180 nucleotides (nt). Clearly, and as expected, the core ge-
nome parts tend to be more conserved than the 5= and 3= ends
of the genome (Fig. 1).

Phylogenetic analysis showed that RatPox09 clusters within
the variola-like clade while FM2292 is part of the CPXV-like clade
2. BR belongs to the CPXV-like clade 3 (Fig. 2), according to
Dabrowski et al. (28) and Carroll et al. (25). Detailed analyses of
the complete coding sequences were performed for CPXV strains

TABLE 1 Comparison of the genomes of CPXV RatPox09 and FM2292 with the genome of the reference strain Brighton Reda

Gene group and name

Strain profileb

DescriptionRatPox09 FM2292

Genes absent in Brighton Red

gCPXV0002 1 1 NMDA receptor-like proteinc

gCPXV0003 1 1 CrmE homologues proteind

gCPXV0030 1 1 Putative 7-transmembrane G protein-coupled

receptor-like protein 7tGP

gCPXV0284 1 1 Kelch-like protein similar to VACV D7L

gCPXV0285 2 1 Unknown function

Genes present in Brighton Red

CPXV001/CPXV229 2 2 Unknown function

CPXV002/CPXV228 2 2 Unknown function

CPXV007/CPXV224 2 2 Ankyrin repeat-containing protein

CPXV192 2 2 Unknown function

CPXV004 2 2 Unknown function

CPXV216 2 2 Similar to VACVWestern Reserve 204.5

CPXV051A 2 1 Unknown function

CPXV152A 2 1 Unknown function
a For strains RatPox09 and FM2292, the genomes are characterized as follows (in respective order): genome sizes of 228,162 and 227,639 bp, ITRs of 7.6 and 7.2 kb, and core

genomes of 212,800 and 213,300 bp. RatPox09 has 289 ORFs, and FM2292 has 294 ORFs; of these, 280 ORFs are shared.
b Plus and minus signs indicate presence and absence, respectively, of the gene.
c N-methyl-D-aspartate receptor-like protein.
d Cytokine response modifier E homologous protein.
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BR, RatPox09, and FM2292 as these viruses were further charac-
terized in the experimental rat model.

RatPox09 and FM2292 share 280 open reading frames (ORFs),
out of a total of 289ORFs for RatPox09 and 294ORFs for FM2292
(Table 1). The major differences between the three CPXV isolates
are (i) a deletion of approximately 660 bp in BR and RatPox09
from position 10600 to position 11200 relative to FM2292 and (ii)
three deletions of approximately 770 bp, 5,800 bp, and 1,000 bp in
BR relative to the other two strains at positions 11500 to 12300,
191200 to 197000, and 223500 to 224600, respectively. Hence, one
complete ORF (gCPXV0285) in BR and RatPox09 and four addi-
tional ORFs (gCPXV0284, gCPXV0030, gCPXV0002, and
gCPXV0003) in BR are absent when compared to the FM2292
genome (Fig. 1B and Table 1).Within the similarity plot (Fig. 1A),
these events are clearly indicated by peaks with values below 0.3 at
the respective positions.

ORF gCPXV0030 encodes a putative 7-transmembrane G pro-
tein-coupled receptor-like protein (7tGP), a receptor-like protein
of unknown function with one predicted C-terminal transmem-
brane domain, which is encoded only in two other CPXV virus
strains, namely, Ger91-3 (GenBank accession numberDQ437593;
CPXV-like 2 clade) and FRA2001 (GenBank accession number
HQ420894; CPXV-like 3 clade).

Only FM2292 and Ger91-3 (both CPXV-like 2) harbor the
gCPXV0285 gene, but there is no known or predicted function for
the encoded protein. pCPXV0284 is a kelch-like protein that
shares homologies with VACVD7L, which has an unknown func-
tion in CPXV. Putative proteins pCPXV0002 and pCPXV0003 are

homologues of the OPV cytokine response modifier CrmE and

the N-methyl-D-aspartate (NMDA) receptor-like proteins, re-

spectively.

The genome of BR harbors 233 annotated ORFs. We did not

resolve the sequence of the repeats in the terminal loops and were

therefore unable to confirm the presence of CPXV001/CPXV229

(identical ORFs within the ITR) in both rodent CPXV genomes

and of CPXV002/CPXV228 in RatPox09 (Table 1). These unre-

solved tandem repeat regions represent approximately 1,500 bp

that are missing in the 3= and 5= terminal loop ends of RatPox09

and FM2292 genomes compared to the BR sequence. The most

striking feature of the RatPox09 and FM2292 sequences is the

absence of the CPXV004, CPXV007/CPXV224, CPXV192, and

CPXV216ORFs that are present in the genome of BR (Table 1). In

addition, theCPXV051A andCPXV152AORFs, which are present

in the BR and FM2292 genomes, are absent in the RatPox09 ge-

nome (Table 1). These ORFs were identified as incomplete in the

two rodent-derived isolates due tomissing start codons within the

sequences. These findings are, therefore, not reflected by any

peaks as shown in Fig. 1. While the CPXV216-encoded protein is

similar to the uncharacterized protein of VACV strain Western

Reserve 204.5, the CPXV007/CPXV224 ORFs are predicted to

encode ankyrin repeat-containing proteins.Noputative functions

have been assigned to ORFs CPXV004, CPXV051A, CPXV192,

and CPXV152A. Additionally, various deletions/insertions and

substitutions were found in noncoding regions or led to extended

or truncated ORFs, for example, in the p4c-coding region, which

FIG1 Nucleotide sequence comparison of RatPox09, FM2292, and BrightonRed (BR). (A)Normalized similarity plot of BrightonRed, FM2292, andRatPox09.
A value of 1 indicates an identity of 100%, while a value of 0 indicates no conservation at all. Regions of special interest are enlarged. (B) Alignments of genes
coding for CPXV0285, D7L-like protein, 7-transmembrane G protein-coupled receptor-like protein (7tGP), CrmE (CPXV0002) protein, and the NMDA
receptor-like protein (NMDAr). (C) Alignment of the genes encoding the A-type inclusion protein (ATI), the A26L protein (p4c), and A27L protein.
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will be presented in detail below. Major differences are addition-
ally summarized in Table 1.

In vitro characterization of RatPox09 and FM2292. Presence
or absence of A-type inclusion (ATI) bodies was one of the first
properties used to distinguishCPXV fromVACV (29). ATI bodies
are proteinaceous intracellular aggregates that appear late in in-
fection with some OPVs (30). Three strain-specific phenotypes of
ATIs are described: inclusions that have virions embedded within
the ATI matrix (V1), those that lack virions within or on the

surface of the ATI matrix (V2), and those in which virions are
attached to the ATI periphery but are absent from the ATI matrix
(V1/) (31, 32). The ATI phenotypes of CPXV FM2292, RatPox09,
and BR were evaluated by electron microscopy. Like CPXV BR,
RatPox09 produces the ATI V2 phenotype, where the inclusion
bodies lack virus particles incorporated within or located on the
surface of the structure (Fig. 3A and B). In contrast, the common
vole isolate FM2292 was clearly characterized by having an ATI
V1 phenotype, with numerous virions embedded within the in-
clusion bodies (Fig. 3C).

It was shown that three proteins, the homologues of the VACV
A25L, A26L, and A27L, are necessary for formation of V1 ATIs.
The ATImatrix is formed bymultiple copies of the A25L polypep-
tide, which corresponds to the CPXV158 protein (30). A26L, also
named p4c or CPXV159 protein, is required to direct intracellular
mature virions (IMVs) into ATIs (33); the protein has a bridging
function between the A25L matrix protein and IMVs containing
the membrane-associated A27L (CPXV162 protein) (34). In ad-
dition, the capability to embed mature virions in the ATIs was
recently shown to influence the virulence of CPXV (35). We
showed that the RatPox09 p4c amino acid sequence (A26;

FIG 2 Phylogenetic analysis of whole-genome sequences of orthopoxviruses.
CPXV clades (25, 28) are displayed in different colors. RatPox09, FM2292, and
BR are highlighted in bold. The variola virus (VARV), camelpox virus
(CMLV), taterapox virus (TATV), vaccinia virus (VACV), ectromelia virus
(ECTV), and monkeypox virus (MPXV) clusters are presented as collapsed
clades and include available whole-genome sequences in GenBank.

FIG 3 A-type inclusions (ATIs) produced by the three CPXVs. Electron mi-
croscopy images of thin sections of Vero76 cells infected with Brighton Red
(A), RatPox09 (B), and FM2292 (C) at 36 h postinfection are shown.ATIswere
seen in all experiments; however, theV1 phenotype could be observed only for
FM2292 (C). Scale bars: 2.5 mm and 500 nm (inset).
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CPXV159 protein) results in a 59-amino-acid (aa) truncation at
the N terminus, which likely is responsible for the observed V2

phenotype; in contrast, FM2292 harbors a full-length p4c gene
(Fig. 1C). CPXV162 corresponding to VACV A27L (Fig. 1C) and
CPXV159 corresponding to VACV A25L (96 to 99% identity)
show differences in length and sequence, especially within the re-
peat regions, but the translational initiation and stop sequences of
the two ORFs are identical to each other.

CPXV FM2292was further characterized in terms of its in vitro
growth characteristics and compared to RatPox09 and the BR ref-
erence strain. In two independent experiments using technical
duplicates as internal controls, growth kinetics of the CPXV
strains were determined in Vero76 cells at different MOIs. Gener-
ally speaking, the three CPXV isolates replicated similarly in cul-
tured cells, irrespective of whether we used an MOI of 0.01 or 3
(Fig. 4). At 48 h p.i. titers of ;104 TCID50ml21 (MOI of 0.01) or
;105 (MOI of 3) were determined. Using an MOI of 3, only the
FM2292 virus reached a lower titer at 48 h p.i. (;104.1 TCID50

ml21) than the 24-h value (105 TCID50 ml21). In addition, viral
growth kinetics were evaluated using HeLa, bank vole kidney, and
rat lung cells; however, the shapes of the growth curves for the
different viruses were virtually identical in all of the cell types
investigated (data not shown).

In vivo characterization. Inoculation of BR into Wistar rats
was performed to compare the in vivo data of CPXV FM2292 and
RatPox09 with those of an experimentally well-defined virus iso-
late (see, for example, reference 36). For the determination of the
in vivo characteristics of CPXV FM2292, we infected common
voles andWistar rats. In addition, we also infected common voles
with RatPox09 in order to test this zoonotic isolate in a reservoir
host species.

After oronasal infection with FM2292 or RatPox09, the first
clinical signs were respiratory in nature and included dyspnea,
sneezing, and nasal discharge at 4 to 6 days p.i. in all animal
groups, i.e., regardless of whether voles or Wistar rats were in-

fected. An exception was the common vole group that had been
infected with the low-titer preparation of FM2292, where obvious
clinical signs were not observed. In addition, Wistar rats inocu-
lated with strain BR exhibited no or only very mild clinical symp-
toms. In contrast, common voles inoculated with the high-titer
preparation of RatPox09 showed the earliest onset of respiratory
symptoms at 4 days p.i. and the most severe course of disease in
general. Respiratory signs vanished quickly in common voles in-
fected with high-titer FM2292 and low-titer RatPox09, whereas
the average duration of clinical disease in Wistar rats was 16 days
in the low-titer FM2292 group and 16 days in the high-titer
FM2292 group. In addition to the respiratory symptoms, Wistar
rats also developed pox-like rashes on noses, ears, paws, and tails
(Fig. 5) at approximately 14 days p.i., which began to heal around
20 days p.i. Interestingly, CPXV infection in common voles was
not associated with any obvious skin lesions.

Overall, Wistar rats showed more prominent symptoms after
FM2292 infection than the common voles in which subclinical
disease was recorded, with the notable exception of one animal in
the FM2292 high-dose group. Nevertheless, all Wistar rats sur-
vived the infection and recovered. In contrast, 4 of the 5 common
voles infected with high-titer RatPox09 virus had to be euthanized
between 4 and 8 days p.i. as their health deteriorated dramatically.
Two additional common voles, one in the high-titer CPXV
FM2292 group and one in the low-titer CPXV RatPox09 group,
succumbed to infection. Body temperatures of the individual an-
imals correlated with subnormal temperatures of terminally dis-
eased voles, while such correlation was not detected with the
milder symptoms (data not shown). Body weight data demon-
strated a clear increase for Wistar rats, while common voles had
relatively steady weights throughout the experiment (Fig. 6). In-
terestingly, body weight increases in rats inoculated with high
doses of FM2292 were delayed compared to increases in rats in-
oculated with the low dose.

FIG 4 Comparison of replication characteristics of FM2292, RatPox09, and
Brighton Red. Vero76 cells were infected with different CPXV strains at an
MOI of 0.01 or 3. Infected cells were harvested at several time points postin-
fection. Virus titers were determined by endpoint dilution assays. The means
and standard deviations of two independent experiments are shown, including
two technical replicates (n 5 4). FIG 5 Typical pox-like lesions of a Wistar rat. Wistar rats infected with

FM2292 at both doses developed pox-like lesions on the nose, ears, paws, and
tail. Images were taken at 9 days p.i. (mouth) and 11 days p.i. (paws).
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Oropharyngeal shedding was detected in all animal groups
(Fig. 7). Common voles infected with FM2292 showed nearly the
same virus shedding pattern as theWistar rats. Generally, the first
excretion of virus was recorded between 4 and 8 days p.i. The
largest amount of virus was shed on day 8 p.i. in common voles
(101.375 TCID50 ml21) (Fig. 7A) and on day 10 p.i. in Wistar rats
(103 TCID50 ml21) (Fig. 7B). Between 10 and 16 days p.i., small
amounts of virus were excreted from individual animals (,101.5

TCID50ml21) (Fig. 7A andB).Only one commonvole, inoculated
with a high dose of FM2292, had to be euthanized on day 8 p.i. as
a consequence of its deteriorating health (Fig. 7A, inset). Viral
shedding in this particular animal was 104 TCID50ml21, while all
other animals shed less than 101.5 TCID50ml21 of virus.

Viral shedding following RatPox09 infection of the common
voles was detected between 2 and 4 days p.i. (Fig. 7C). Generally,
animals in the high-dose group shed more virus than those in the
low-dose group (Fig. 7C). On day 6 p.i., single voles shed up to
104.5 TCID50ml21 (high-dose group) or 103.6 TCID50ml21 (low-
dose group) of virus. Due to progressive clinical signs, these ani-
mals had to be euthanized between 4 and 8 days p.i. (Fig. 7C,
inset). The remaining common voles excreted virus at maximal
titers from day 4 p.i. until day 8 p.i., and virus titers reached up
to 104.56 TCID50ml21. After 12 days p.i., no virus shedding was
detected in any of the animals (Fig. 7C). Only Wistar rats in-
oculated with the high-dose BR preparation shed virus from 5
to 10 days p.i., when small amounts of excreted virus were
detected (Fig. 7D).

Virus distribution in various organs was determined by real-
time PCR and also by endpoint dilution assay (Tables 2 and 3). All
voles that succumbed to CPXV infection scored positive for virus
in turbinates (6/6 animals) (Table 2) and rhinarium (5/5 animals)
(Table 2). Turbinate samples taken fromWistar rats euthanized at

5 days p.i. were also positive (Table 3). The turbinates showed the
highest viral load of all tissues analyzed. Common voles infected
with RatPox09 had viral loads of up to 106 TCID50 ml21 in this
organ, while virus titers in the turbinates of Wistar rats infected
with FM2292 reached 104 TCID50 ml21, and BR-infected Wistar
rats shed virus at mean titers of 103.875 TCID50 ml21. Further-
more, virus was detected in several organ samples of voles that
succumbed to the infection (Table 2).

In single FM2292-infected Wistar rats necropsied on day 30
p.i., the skin lesions still contained virus with loads up to 103.875

TCID50 ml21, while BR-infected Wistar rats did not display skin
lesions, and only the turbinate sample of one animal scored posi-
tive (102.375 TCID50 ml21) at 24 days p.i. Likewise, one turbinate
sample of a common vole infected with RatPox09 also still con-
tained infectious virus (101.375 TCID50 ml21) at day 30 p.i. Other
organs of voles and rats scored positive only when animals suc-
cumbed or were examined at 5 days p.i. (Tables 2 and 3). Blood
samples from common voles that had succumbed to infection or
animals dissected on day 5 p.i. were negative for viral DNA. Anti-
bodies against CPXVwere detected in all but one of the individual
serum samples obtained,which originated froma commonvole in
the low-titer CPXV FM2292-infected group (data not shown).

DISCUSSION

The number of human CPXV infections is growing, possibly due
to the cessation of smallpox vaccination since its official eradica-
tion was made public in 1978 (37). Above all, animal caretakers
and veterinarians having contactwith infected accidental hosts are
at risk of infection with CPXV. Accidental hosts, except humans,
become initially infected after direct or indirect contact with in-
fected reservoir host species (3). Despite the presumed continued
presence of CPXV in the reservoir hosts, successful virus isolation
fromwild rodents is extremely rare. In the present study, we char-
acterized CPXV FM2292, which we isolated recently from a ro-
dent reservoir, specifically, a female common vole (Microtus arva-
lis). Using NGS, we generated a whole-genome sequence of
FM2292 and compared it to that of RatPox09, a pet rat strain from
2009, and reference strain BR. The FM2292 and RatPox09 strains
have a sequence identity of 96%.BothRatPox09 andFM2292have
sequence identities of approximately 92% to the reference strain
BR. A first analysis of whole-genome sequences identified four
genes that are present in RatPox09 and FM2292 but absent in
strain BR, namely, gCPXV0284, gCPXV0002, gCPXV0030, and
gCPXV0003. As we detected differences in the virulence of RatPox09
and FM2292 compared to that of BR, these four gene products
might represent bona fide virulence genes. All genes have homo-
logues in other OPVs and encode the kelch-like protein D7L, the
cytokine response modifier CrmE, the putative 7-transmembrane
G protein-coupled receptor-like protein 7tGP, and the NMDA
receptor-like protein. For example, a contribution to virulence
was demonstrated for BTB/kelch proteins (where BTB is broad-
complex, tramtrack, and bric a brac) other than D7L (38–43) and
for CrmE in the case of VACV (44, 45).

The annotation of the genome of FM2292 revealed that this
strain is equippedwith additional ORFs compared to the standard
BR genome and even to that of the RatPox09 isolate. Clearly, the
annotation used here accounts for the increased number of ORFs
relative to the number in BR. However, it is clear that FM2292
absolutely and relatively specifies more ORFs (294 in FM2292
versus 289 in RatPox09). The fact that shorter genomes are iso-

FIG 6 Body weight evolution of common voles and Wistar rats inoculated
with FM2292 and RatPox09, respectively. The starting weight was set as 100%,
and values are the means with standard deviations.
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lated from accidental host species supports the hypothesis of gene
loss as a result of adaptation to a new host and may even confirm
the hypothesis that CPXV-like genomes represent the phyloge-
netically oldest representatives of this group of viruses (46, 47).
Certainly, the functions of the newly annotated ORFs have to be
analyzed in more detail.

The ATI phenotypes of the viruses studied here were explored
inmore detail, and our analyses revealed that both rodent-derived
CPXV strains produced ATI bodies, but only in the case of
FM2292 were virions present in the ATI matrix (V1). In contrast,
RatPox09 produced ATIs with no virions in either the ATI matrix
or on its surface (V2). Most natural CPXV strains produce V1 or
V2 ATIs as the dominant but stable phenotype. Recently, the first
poxvirus isolate, CPXV-No-H2, was described that produced V1/

ATI bodies as a stable phenotype (48). Nevertheless, all other
CPXVs isolated from Fennoscandia represent the V1 ATI pheno-
type and, hence, encode full-length ati and p4c genes (49). Since
RatPox09, unlike FM2292, was isolated from rats and not a reser-
voir host, it is tempting to speculate that itmay have lost the ability
to form V1 ATIs. Kastenmayer and coworkers (35) constructed
and characterized a p4c deletionmutant of the GER1991_3 CPXV

strain. Mice inoculated intranasally with the mutant lost slightly
more weight than mice infected with the parental wild-type
virus, but the difference did not reach statistical significance.
Consistent with this finding, RatPox09 seemed more virulent
than FM2292 in our study, which may at least in part be caused
by the p4c mutation and the inability of its encoded protein to
incorporate virions into ATIs. However, final testing of this
hypothesis will require the production of isogenic RatPox09
and FM2292 mutants, experiments that are under way.

From analyzing the growth kinetics of FM2292 in comparison
to those of BR and RatPox09, we deduced that replication in vitro
is not influenced by the differences between the viruses in the
number of genes they carry. Whether reservoir hosts, which ac-
cording to serological data include mainly vole species (the com-
mon voleMicrotus arvalis, the bank voleMyodes glareolus, and the
field vole Microtus agrestis) and wood mice (Apodemus sylvaticus)
(12), are truly clinically affected by CPXV infection is unknown,
but it was suggested that overt infection is unlikely (8, 9). The
comparative experimental infection of captivity-bred common
voles and regular Wistar rats described here is the first controlled
experimental infection with different CPXV strains in reservoir

FIG 7 Oropharyngeal viral shedding patterns of common voles and Wistar rats. Shedding patterns are shown for common voles inoculated with FM2292 (A)
or RatPox09 (C) and for Wistar rats infected with FM2292 (B) or BR (D). Values are the means with standard deviations.
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hosts instead of an accidental host. CPXV FM2292 isolated from
the liver of a common vole was used to inoculate common voles
and Wistar rats as a surrogate model and compared to an already
characterized virus isolated from a pet rat in 2009 (17). Based on
data evaluated after experimental infection of Wistar rats using
RatPox09 (17), low- and high-dose infections via the oronasal
route were assessed.

Unexpectedly, common voles exhibited clear signs of respira-
tory disease rather than skin lesions, irrespective of the virus strain
used. This might suggest that CPXV could also be transmitted via
droplet infection within the reservoir host population and also to
accidental hosts. In contrast, Wistar rats inoculated with the res-
ervoir host-derived FM2292 isolate developed severe and charac-
teristic pox lesions, primarily on noses, ears, paws, and tails, but
recovered after infection. In addition, body weight increase was
delayed in a dose-dependent fashion in Wistar rats inoculated
with FM2292. Therefore, FM2292 seems to be less virulent than

RatPox09 in the surrogate model, which is also reflected by
smaller amounts of virus shed. This is evidenced by the observa-
tion that rats inoculatedwith the high dose of RatPox09 shed up to
104.5 TCID50ml21 for up to 12 days (17). Likewise, organ samples
of animals in this group yielded higher titers, .106 TCID50 ml21

(17), than those of FM2292-infected rats. Similarly, RatPox09
caused higher mortality and more robust shedding in the com-
mon vole. The rat-adapted CPXV strain from 2009 has, however,
gained virulence in the new host, probably as a result of consecu-
tive animal passages that have occurred primarily in rat breeding
farms. However, one out of five low-dose-infected common vole
individuals did not show seroconversion, which might indicate
that an infectious dose of 104 TCID50ml21 approaches the mini-
mal infectious dose for that species. As common voles inoculated
were older than the Wistar rats, body weight increases were not
detected, but diseased voles did not show a prominent drop in
weight.

TABLE 2 qPCR and virus titration results for the infection experiments with CPXV isolates FM2292 and RatPox09 in common voles

Virus and tissue typea

Virus distribution by time point and method

5 dpib 30 dpi Deathe

PCRc

Endpoint

dilutiond PCR

Endpoint

dilution PCR

Endpoint

dilution

FM2292

Turbinates 2/3 2/3 3/5 0/5 1/1 1/1

Trachea 0/3 0/3 0/5 0/5 0/1 0/1

Lung 0/3 0/3 0/5 0/5 1/1 0/1

Esophagus 0/3 0/3 0/5 0/5 1/1 0/1

Stomach 1/3 0/3 0/5 0/5 1/1 0/1

Liver 1/3 0/3 0/5 0/5 1/1 1/1

Kidney 0/3 0/3 0/5 0/5 1/0 0/1

Bladder 0/3 0/3 1/1 1/1

Gonads 0/3 0/3 1/1 0/1

Spleen 2/3 0/3 0/5 0/5 1/1 0/1

Thymus 0/3 0/3 1/1 0/1

Skin 0/3 0/3 0/5 0/5 0/1 0/1

Myocardium 0/3 0/3 0/1 0/1

Brain 0/3 0/3 0/1 0/1

Rhinarium 2/3 2/3 0/5 0/5 1/1 1/1

RatPox09

Turbinates 2/2 2/2 1/3 1/3 5/5 5/5

Trachea 0/2 1/2 0/3 0/3 5/5 4/5

Lung 0/2 0/2 0/3 0/3 2/5 2/5

Esophagus 0/2 0/2 0/3 0/3 3/5 5/5

Stomach 0/2 0/2 0/3 0/3 4/5 3/5

Liver 0/2 0/2 0/3 0/3 5/5 1/5

Kidney 0/2 0/2 0/3 0/3 1/5 0/5

Bladder 0/2 0/2 1/5 2/5

Gonads 0/2 0/2 1/5 0/5

Spleen 0/2 0/2 0/3 0/3 4/5 1/5

Thymus 0/2 0/2 2/5 1/5

Skin 0/2 0/2 0/3 0/3 4/5 3/5

Myocardium 0/2 0/2 0/5 2/5

Brain 0/2 0/2 2/5 2/5

Rhinarium 0/2 0/2 0/3 0/3 4/4 4/4
a CPXV infection in common voles was not associated with any obvious skin lesions.
b dpi, days postinfection.
c Determined by qPCR as the number of positive samples (quantification cycle value of ,38)/total number of samples tested.
d Number of samples testing positive for CPXV by endpoint dilution assay/total number of samples tested.
e Succumbed to infection or had to be euthanized.
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Taken together, our data confirmed the variable pathogenic
potential of CPXV isolates. Clearly, virulence of CPXV has to be
correlated to the affected host species as the manifestation of dis-
ease induced by CPXV is host dependent. Future research will
focus mainly on the correlation between virus genotype and phe-
notype/pathotype in accidental and reservoir species. Here, the
four additional ORFs found in both isolates will be the first targets
to be investigated through the generation of isogenic mutants.
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Abstract 20 

Classical swine fever (CSF) can run acute and chronic courses in both domestic pigs and wild 21 

boar. Although chronic infections may be rare events, their epidemiological impact is very 22 

high due to the long-term shedding of virus. So far, little is known about the factors that 23 

influence the disease course and outcome on both host and virus side. To elucidate 24 

determinants on the virus side, we analyzed the role of the viral populations for the 25 

development of chronic CSF virus (CSFV) infections. Three different animal trials that had 26 

led to both chronic and acute infections were chosen for a detailed analysis by deep 27 

sequencing. The three inocula represented sub-genogroups 2.1 and 2.3, and two viruses were 28 

wild-type CSFV, one was derived from an infectious cDNA clone. These viruses and samples 29 

derived from acutely and chronically infected animals were subjected to next-generation 30 

sequencing. Subsequently, the derived full-length genomes were compared at both the 31 

consensus and the quasi-species level. At consensus level, no differences were observed 32 

between the parental viruses and the viruses obtained from chronically infected animals. 33 

Despite a considerable level of variability at the quasi-species level, no indications were 34 

found for any predictive pattern with regard to the chronicity of the CSFV infections. While 35 

there might be no direct marker for chronicity, moderate virulence of some CSFV strains in 36 

itself seems to be a crucial prerequisite for the establishment of long-term infections which 37 

does not need further genetic adaption. Thus, general host and virus factors need further 38 

investigation. 39 

 40 

41 
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Introduction 42 

Classical swine fever (CSF) is a viral infection of pigs with high economic impact world-43 

wide. The causative agent is Classical swine fever virus (CSFV), a small enveloped RNA 44 

virus belonging to the genus Pestivirus within the family Flaviviridae. The genome of CSFV 45 

has a size of approximately 12.3 kb and comprises a single open reading frame (ORF) coding 46 

for one polyprotein which is co- and posttranslationally processed into 12 mature proteins 47 

(Bintintan & Meyers, 2010; Rümenapf et al., 1991). The ORF is flanked by 5’ and 3’ non-48 

translated regions (NTR). While the structural proteins (C, E1, E2, and E
rns

) are encoded in 49 

the 5’-region of the genome, the 3’-region encodes the non-structural proteins (N
pro

, p7, NS2, 50 

NS3, NS4A, NS4B, NS5A, and NS5B) (Lattwein et al., 2012; Meyers & Thiel, 1996) with 51 

the exception of the autoprotease N
pro

 which precedes the structural proteins at the 5’-end of 52 

the ORF (Tratschin et al., 1998). Classical swine fever virus strains can be assigned to three 53 

genogroups with three to four sub-genogroups each (Postel et al., 2013). This classification is 54 

so far based on partial sequences, namely 150 nt of the 5’-NTR and 190 nt of the E2 encoding 55 

region (Greiser-Wilke et al., 1998). Most genogroups show a distinct geographical 56 

distribution pattern (Paton et al., 2000) but there is no correlation between a genogroup and 57 

virulence. Over the last decades, moderately virulent strains of genogroup 2, especially of 58 

sub-genogroups 2.1 and 2.3, predominated in Europe and several other regions world-wide 59 

(Beer et al., 2015).   60 

Course and outcome of CSF can vary between acute, chronic, and prenatal forms of infection 61 

(Moennig et al., 2003) with the acute form leading to either death (acute-lethal) or 62 

convalescence (acute transient) of the infected animal and the chronic form always being fatal 63 

(Moennig et al., 2003). While the acute courses of the disease have been extensively studied, 64 

research into the epidemiologically important chronic infection (here defined as infection for 65 

at least 28 days with constant shedding of virus) is hampered by its rare occurrence under 66 



4 
 

experimental conditions. Hence, little is known about host and viral factors favoring the 67 

chronic course. Known factors influencing course and outcome of CSFV infection include age 68 

and immune status of the host as well as the virulence of the CSFV strain involved (Moennig 69 

et al., 2003). The chronic course of disease is mainly seen after infection with moderately 70 

virulent CSFV strains and is characterized by a prolonged period of unspecific signs 71 

(intermittent fever, chronic enteritis, wasting) and constant shedding of virus (Moennig et al., 72 

2003). Antibodies may temporarily be present at low titers; however, the host’s immune 73 

system seems to be unable to mount an effective immune response. Recently, it has been 74 

demonstrated that chronically infected animals show an up-regulation of genes that can inhibit 75 

NF-κB- and IRF3/7-mediated transcription of type I interferons (Hulst et al., 2013). 76 

Moreover, activation of natural killer and cytotoxic T-cell pathways seem to be impaired 77 

(Hulst et al., 2013). In addition, it has been shown that genes related to the human 78 

autoimmune disease systemic lupus erythematosus were upregulated in animals suffering 79 

from chronic disease (Hulst et al., 2013). The latter findings support the assumption that 80 

chronic CSF has a strong immune-pathological aspect. Very little is known about the impact 81 

of CSFV genetics and genetic adaptations during the infection process on the manifestation of 82 

a chronic disease and in this respect, links between viral gene function (e.g. inhibition of 83 

interferon responses or apoptosis inhibition) are scarce. 84 

Here, we studied the possible influence of the viral genome and its quasispecies composition 85 

on the course of CSF. Based on the finding that viruses re-isolated from a chronically infected 86 

animal did not indicate an impact of the virus and its quasispecies, additional samples were 87 

selected from animal trials performed with different CSFV strains which led to acute and 88 

chronic courses in different animals. These samples were subjected to full-genome virus deep-89 

sequencing. The resulting sequences of the inocula and viruses found in acutely or chronically 90 

infected animals were compared at the consensus sequence and at the quasispecies level. 91 



5 
 

Results 92 

For 12 out of a total of 26 samples derived from 3 different animal trials with different breeds 93 

and disease courses, sufficient raw reads were obtained for the assembly of complete genome 94 

sequences. In general, the generation of sufficient raw data for consensus genome sequence 95 

assembly was possible from the inocula and from samples derived from animals after 96 

infection of at least 10 days, more readily for chronically than from acutely infected animals. 97 

Moreover, for the samples from animal trials 2 and 3, the raw data also enabled single 98 

nucleotide variant (SNV) analyses at the population level. 99 

Prolonged viral replication in chronically infected animals does not give rise to 100 

consensus sequence alterations 101 

Initially, raw sequence reads were assembled into consensus sequences comprising at least the 102 

complete coding sequences. Regardless of the disease course, comparison of these sequences 103 

uncovered no (animal trials 1 and 3) or no marked differences between sequences determined 104 

for the viruses from inocula and those derived from animal samples.  105 

From animal trial 1, 2 out of the available 4 samples yielded sufficient raw data. Besides the 106 

inoculum (T1-inoculum) for two samples drawn from one chronically infected animal at two 107 

time points (T1-DP43C10L and T1-DP43C44S), the obtained data were sufficient for the 108 

analysis of the complete coding sequences. Comparison of the available consensus sequences 109 

for these samples showed no differences for the complete genome. The sample collected from 110 

an acute-transiently infected animal did not contain enough viral RNA to warrant sequencing 111 

of the viral genome.  112 

All samples collected from animal trial 2 contained high viral loads that enabled complete 113 

genome sequencing. Like in animal trials 1 and 3 (see next paragraph), analyses of the viral 114 

genome sequences derived from the samples drawn from two chronically infected animals 115 
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(T2-DP365C10B, T2-DP365C41B, T2-DP366C10B, and T2-DP366C41B) revealed no 116 

differences at the consensus sequence level in comparison with the sequence determined for 117 

the inoculum (T2-inoculum). However, in contrast to trial 3, the comparison of the consensus 118 

sequence of the sample taken from an acute-lethally infected pig (T2-DP368AL14B) with the 119 

consensus sequence of the inoculum (T2-inoculum) unveiled 4 single base substitutions 120 

(A3245C, T3381C, C3724A and C8955T), 2 of which were synonymous and 2 non-121 

synonymous. Notably, one synonymous and one non-synonymous substitution occurred 122 

within the genetically very stable p7 encoding region. Since the available material from the 123 

inoculum of animal trial 2 did only allow for sequencing to a median depth of more than 33, 124 

we attempted to add depth by sequencing the 5
th

 passage of this isolate (T2-CSFV1047-P5; 125 

one cell culture passage from the initial virus). However, the comparison of the consensus 126 

sequences obtained for the 4
th

 and 5
th

 passages revealed three differences of the sequences, 127 

namely T1428A, T3603C, and A8934T. Of these, T1428A is non-synonymous causing the 128 

amino acid substitution S476R within the E
rns

 protein which is a known cell culture adaptation 129 

enabling heparan sulfate binding (Hulst et al., 2000). Due to the aforementioned changes, the 130 

dataset for the inoculum remained unchanged. 131 

For four out of 14 samples that were available from animal trial 3, sequencing yielded 132 

sufficient raw data for full-genome analysis. Like in the other two animal trials, comparison 133 

of the consensus sequences obtained from the sample of the chronically infected animal (T3-134 

WB15C14L) uncovered no differences. Unlike for sample T2-DP368AL14B, comparison of 135 

the consensus sequences obtained for the acute-lethally infected animals (T3-WB15C14L, T3-136 

WB16AL14L, T3-DP49AL14L, and T3-DP53AL14L) also uncovered no deviations from the 137 

inoculum (T3-inoculum) sequence. 138 

 139 
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Population analyses uncovers differences in virus evolution between different trials and 140 

inocula 141 

Since with a single exception (T2-DP368AL14B) the viral consensus genome sequences 142 

determined from the animal samples were indistinguishable from their progenitors, we 143 

performed population analyses as previously described (Höper et al., 2015) in order to 144 

analyze the viral relations with higher resolution. This analysis takes all detected single 145 

nucleotide variants (SNV) into account to calculate distances between populations. 146 

Unfortunately, for animal trial 1 the sequence depth was not sufficient and no additional 147 

sample material was available, hence this analysis was only possible for animal trials 2 and 3. 148 

The results of the population-based distance and diversity analyses are summarized in figure 149 

1.  150 

The viral population of the T2-inoculum had certain diversity, as reflected by the spot size in 151 

figure 1a. Regarding the chronically infected animals, the viral diversity clearly increased 152 

only in animal DP366 after 41 days, and stayed relatively constant in the other samples. In 153 

comparison with the inoculum, the viral population drawn from the acute-lethally infected 154 

animal (DP368) had also diversified. The overall topology of the plot implies that in all 155 

animals a similar portion of the initial viral population was selected since all populations 156 

shifted in the same direction from the inoculum although with different distances. On the 157 

contrary, the population of the 5
th

 cell culture passage (T2-CSFV1047-P5) of the original 158 

virus isolate shifted in the opposite direction, implying that a different subpopulation of the 159 

original strain had further adapted to the cell culture. This is in concordance with the 160 

consensus sequence analysis. The viral populations of the samples derived from individual 161 

chronically infected animals were closest related with each other. In both cases, the viral 162 

populations found in samples drawn from the chronically infected animals after 41 dpi moved 163 

slightly back in the direction of the inoculum, i.e. had a slightly higher similarity with the 164 
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inoculum than did the samples taken after 10 dpi. The population of the acute-lethally infected 165 

animal substantially deviated from all populations derived from chronically infected animals. 166 

Nevertheless, it was more related to the samples after animal passage than with the inoculum 167 

and its 5
th

 cell culture passage.   168 

In contrast to animal trial 2, the diversity and distance analysis of the data available for trial 3 169 

revealed lower distances between the populations although accompanied by similar diverse 170 

populations as detected in animal trial 2. Figure 1b depicts the results of this analysis for 171 

animal trial 3 at the same scale as figure 1a for animal trial 2. In the enlarged plot (figure 1c) 172 

of the distance and diversity analysis for trial 3 it is visible that the diversity initially present 173 

in the inoculum in trial 3 had substantially increased after the animal passages. Moreover, 174 

while the analysis of animal trial 2 unveiled that the same portion of the population of the 175 

inoculum was selected (as visualized by the concurrent shift of the spots of the animal 176 

samples) and further diversified, there is no direction visible in the graph for animal trial 3. 177 

Rather, the inoculum is located centrally among the populations drawn from the animals.  178 

Detailed analyses of the viral populations fit distance and diversity analyses and provide 179 

functional clues to detected variants 180 

Although the sequencing depth for the inoculum in animal trial 2 (T2-inoculum) was less than 181 

that for the other samples, the variants detected in the population appear to be reliable. This is 182 

implied by the concordance between the variable positions detected in the populations of both 183 

the inoculum (T2-inoculum) and its subsequent passage (T2-CSFV1047-P5), although at 184 

different frequencies (table 2, e.g. 1428, 3603, 8934). Moreover, the presence of variants at 185 

the same positions in the populations derived from animal samples strengthens this 186 

assumption.  187 
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Details of individual SNVs. A closer look at the detected SNVs supports the implication of 188 

the distance and diversity analyses that in animal trial 2 a selection against cell culture 189 

adaptations of the inoculum population took place. Some examples for this selection are 190 

provided in the following: First of all, the frequencies of the three variants that were detected 191 

in the inoculum (Table 2; T2-inoculum; 1428A, 3603C, 8934T) with frequencies of roughly 192 

0.4 were clearly reduced after the animal passages, but were enhanced to frequencies of 193 

approximately 0.8 in the subsequent cell culture passage (T2-CSFV1047-P5). Although all 194 

three were detected with clearly reduced frequencies in the animal samples, one (1428A) of 195 

these was still present in all viral populations after animal passage, the other two (3603C, 196 

8934T) were absent from the population of the acute-lethally infected animal. Although 197 

variant 2317A (Table 2) was not detected in the T2-inoculum, it was present in all animal 198 

derived populations. Secondly, most variants detected in the populations from chronically 199 

infected animals occurred pairwise, i.e. a variant that was present at 10 dpi was also present at 200 

41 dpi, as was the case for instance at position 3192 in animal DP366 (Table 2; T2-201 

DP366C10B, T2-DP366C41B). Conversely, those variants that were absent from one of the 202 

populations were not detected in the corresponding sample as well (see variants at positon 203 

3192 in animal DP365). Thirdly, a substantial number of variants occurred exclusively in the 204 

viral population of the acute-lethally infected animal DP368 (Table 2; T2-DP368AL14B). 205 

Four of these variants (3245C, 3381C, 3724A, 8955T) were found with a constant frequency 206 

of roughly 0.75. These determine the consensus and contribute substantially to the distance of 207 

the respective population from all other populations. The exclusive differences are the basis 208 

for the clear separation of DP368 from the virus populations derived from the chronically 209 

infected animals.  210 

In the samples collected in animal trial 3, a different situation was observed. On the one hand, 211 

no samples drawn from the same animal at different times were available, rendering the 212 
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correlation of variant frequencies over time impossible. On the other hand, more variants were 213 

present in the inoculum population, albeit at lower frequencies. These variants were all 214 

maintained in the viral populations in all but one animal samples (variant 1957A was absent 215 

from the population in sample T3-DP53AL14L).  216 

The scattering of the populations in variable directions and distances from the inoculum can 217 

be explained by the occurrence of different variants which are mainly exclusively found in 218 

individual samples. Four exceptions from this observation were detected (Table 3; 219 

472A/472C, 2655C/2655G, 7032G, 8455T). Of note, at nucleotide 472, the two different 220 

variants 472A and 472C were detected in a background of 472T in samples T3-WB16AL14L 221 

and T3-DP53AL14L, respectively. 222 

Location of non-synonymous variants. Both in animal trials 2 and 3, a number of non-223 

synonymous variants were detected within the viral populations (tables 2 and 3). In trial 2 at 224 

4, and in trial 3 at 5 positions 6 non-synonymous variants were detected. The density of non-225 

synonymous variants was higher in the regions encoding proteins for direct interaction 226 

between virus and host, i.e. the surface proteins of the virus. In virus populations derived from 227 

animal trial 2, 2 of the 4 non-synonymous variants were located in non-structural protein 228 

encoding regions, namely in the p7 and in the NS2 encoding regions. The other 2 non-229 

synonymous variants were located in the E
rns

 and the E2 encoding regions, both known as 230 

antibody targets. In the populations analysed from animals of trial 3, 3 out of 6 non-231 

synonymous SNVs were located in genomic regions encoding non-structural proteins. Two of 232 

these were different variants at the same position in the N
pro

 coding region. Another non-233 

synonymous SNV in samples T3-WB16AL14L and T3-DP49AL14L was located in the 234 

NS4B encoding region. One of the other 3 non-synonymous SNVs was located within the E
rns

 235 

and the remaining 2 non-synonymous SNVs in the E1 encoding regions, respectively. 236 

 237 
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Discussion 238 

Chronically infected animals are among the crucial factors impacting on disease transmission 239 

and perpetuation of long-term outbreaks. While their role might be limited in outbreak 240 

scenarios under modern industrialized settings with a stamping out policy, they gain 241 

importance in endemically infected countries and wild boar populations. In the latter, chronic 242 

and persistent infections are probably the most important drivers of long-term persistence of 243 

CSFV in a wild boar population (Lange et al., 2012).  244 

Most factors favoring chronic infections are still far from being understood although 245 

chronicity seems to be linked to moderate virulence of the CSFV strain involved (Hulst et al., 246 

2013). One reason for the lack of data is the rare and rather unpredictable occurrence of 247 

chronically infected animals under experimental conditions and the limited availability of 248 

comparable sample sets. In the presented study, we collected samples from different animal 249 

trials that had given rise to acute and chronic infections and accepted the diversity of sample 250 

matrices, viral load, and background.  251 

Basically, we tested the hypothesis that chronic infections could result from changes in the 252 

viral consensus sequence and/or a higher viral diversity and thus (partial) immune escape and 253 

continued high-level replication.  254 

In a nutshell, our results do not support this hypothesis. Even under the condition of chronic 255 

infection, CSFV is surprisingly stable at both the consensus and the quasispecies level and 256 

contrasts e.g. persistent BVDV infection (Ridpath et al., 2015). High stability was shown for 257 

different settings with both field-type viruses with expected viral quasispecies, and viruses 258 

derived from a cDNA clone with lower quasispecies diversity. Single base substitutions were 259 

only observed for one acute-lethally infected animal showing two synonymous and two non-260 

synonymous substitutions. Interestingly, two of these substitutions (one of them non-261 

synonymous) occurred in the p7 encoding region. This contrasts findings with similar strains 262 
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under field conditions, where this region was completely stable for the same strain over years 263 

(Goller et al., 2015). The fact that the known cell culture adaptive E
rns 

mutation was found in 264 

the 5
th

 passage of CSFV “Roesrath” adds reliability to the analyses and can act as a positive 265 

control.  266 

Subsequent population analyses did again not reveal any marked differences between acute-267 

lethally and chronically infected animals. However, an accordant drift was observed for all 268 

animal-derived samples in trial 2, and the virus population from both one chronically and one 269 

acute-lethally infected animal showed an increased diversity.  In trial 3, viral sequence 270 

diversity increased but distances were smaller. Again, no differences were seen among 271 

disease courses. Thus, also direction and extent of genetic changes did not indicate factors 272 

favoring chronicity.  273 

Detailed analyses of SNV of samples from trial 2 suggest that the observed changes (the 274 

observed drift) were mainly selections against cell culture adaption. This assumption is 275 

strengthened by the fact that the further passaged virus (until passage 5) shows mutations in 276 

the opposite directions and that these selections are missing in trial 3 where a virus was used 277 

that showed a field-type phenotype both at the sequence level and in in vitro experiments 278 

(Dräger et al., 2015). Furthermore, this virus showed a higher quasispecies diversity as it is 279 

expected for a successful field virus infection.  280 

Yet, the high overall stability and rather low diversity under selective pressure and high 281 

replication is surprising as a broad quasispecies was often discussed as virulence and 282 

robustness factor (Töpfer et al., 2013). Moreover, reduced quasispecies diversity was shown 283 

to result in virus attenuation (Bordería et al., 2015). An explanation could be that most 284 

variants were non-functional or disadvantageous for virus replication and therefore stayed low 285 

frequent. This would be in line with recent studies that showed that a majority of virus 286 

variants is non-functional (Fahnøe et al., 2015). Furthermore, it could be shown that highly 287 
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virulent CSFV clones could be generated based on only the consensus sequence (Fahnøe et 288 

al., 2014).  289 

 290 

Concluding, the following can be stated: 291 

 CSFV is exceptionally stable even under conditions of chronic infection with high and 292 

continued viral replication 293 

 No marked differences of the viral genomes were observed among an acute-lethal and 294 

a chronic infection with the same CSFV strain 295 

 Quasispecies composition and diversity did not reveal any predictors for chronicity 296 

 Host factors and virus host interactions need further investigations 297 

 298 

 299 

Materials and Methods 300 

Samples, RNA extraction, library preparation, and sequencing 301 

Samples were selected from previously conducted and published animal trials (Blome et al., 302 

2014; David et al., 2011; Gallei et al., 2008; Petrov et al., 2014) that had led to the occurrence 303 

of chronically infected animals. Depending on the availability of suitable blood and leukocyte 304 

samples, acute and chronic disease courses were compared at virus level. Details of samples 305 

subjected to next-generation sequencing (NGS) are presented in table 1. All inocula used for 306 

the animal trials were sequenced and sample preparation and sequencing of the inocula were 307 

done as described below for the samples derived from the respective animal trials. From all 308 

samples, total RNA was extracted with Trizol Reagent (Invitrogen, Carlsbad, USA) in 309 

combination with RNeasy Columns (Qiagen, Hilden, Germany) including on-column DNase I 310 

digestion as recommended by the manufacturer. RNA was converted to double stranded DNA 311 
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using the cDNA synthesis kit (Roche, Mannheim, Germany) as described in the Genome 312 

Sequencer Rapid RNA library preparation guide (Roche). 313 

Animal trial 1 In this trial, a group of five pigs was intranasally and intramuscularly 314 

inoculated with 10
6
 tissue culture infectious doses 50 % (TCID50) of CSFV “Alfort-p447” 315 

derived from an infectious cDNA clone as previously described (Gallei et al., 2008). One 316 

animal (#43) showed a chronic CSFV infection, and samples of days 10 and 44 post infection 317 

were subjected to NGS. In addition, sequencing was attempted from a sample of an acute-318 

transiently infected animal taken at 10 days post infection (dpi). Despite the limited 319 

availability of sample material, this trial was used as a proof-of-principle approach. Samples 320 

were prepared for pyrosequencing as previously described (Becker et al., 2012) . Sequencing 321 

was conducted on the Genome Sequencer FLX (Roche) with Titanium chemistry (Roche) 322 

according to the manufacturer’s instructions. 323 

Animal trial 2 In this trial, within a vaccination study a control group of four domestic weaner 324 

pigs were oro-nasally inoculated with 3.6 x 10
5
 TCID50 of the 4

th
 passage of CSFV isolate 325 

”CSFV1047” (Blome et al., 2014), isolated in Israel in 2009 (David et al., 2011). Samples 326 

taken at 10 and 41 dpi from two animals which developed a chronic infection were subjected 327 

to NGS. These samples were supplemented with a sample originating from a pig showing the 328 

acute-lethal course of CSF (taken 14 dpi). Unfortunately, too less sample material of the 329 

original inoculum was available. Therefore, the 5
th

 passage was also sequenced to serve as the 330 

inoculum dataset, however, since this showed three consensus substitutions compared to the 331 

4
th 

passage, it was used as an individual sample. Sequencing libraries were prepared using the 332 

Nextera XT kit (Illumina, San Diego, USA) according to manufacturer’s instructions except 333 

for T2-inoculum and T2-CSFV1047-P5 which were prepared as previously described 334 

(Juozapaitis et al., 2014). Additionally, T2-CSFV1047-P5 was amplified over 12 cycles. 335 

Sequencing was done with the Illumina MiSeq (Illumina).  336 
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Animal trial 3 The corresponding samples were collected during a host response trial (Petrov 337 

et al., 2014) with pigs of different breeds (German landrace pigs, hybrid pigs, European wild 338 

boar) which were oro-nasally inoculated with 10
5.5

 TCID50 of the moderately virulent CSFV 339 

strain “Roesrath” (isolated in Germany 2009 (Leifer et al., 2010)). One wild boar got 340 

chronically infected, and samples of days 3 and 14 post infection were used for NGS. In 341 

addition to the samples from the chronically infected animal, four samples from animals with 342 

the acute-lethal disease course (three domestic pigs of different breeds and one wild boar), 343 

and two from transiently infected animals (one domestic pig, one wild boar) were sequenced. 344 

Sequencing libraries were prepared as previously described (Juozapaitis et al., 2014) and 345 

amplified after library preparation using Nextflex primer (Biooscientific, Austin, USA) and 346 

AccuPrime Polymerase (Invitrogen) for 15 cycles. Library T3-inoculum was initially prepared 347 

for pyrosequencing as described above (animal trial 1) and subsequently converted into an 348 

Illumina compatible library using the Nextera XT kit as per the manufacturer’s 349 

recommendations. Sequencing was done with the Illumina MiSeq (Illumina). 350 

Sequence data analysis  351 

Initially, consensus sequences were assembled from the raw data using the Genome 352 

Sequencer software suite (v. 2.6; Roche). To this end, raw reads originating from CSFV RNA 353 

were identified by mapping (Genome Sequencer software suite v2.6) the complete datasets 354 

against all available CSFV sequences in Genbank, and mapped reads were subsequently used 355 

for de novo assembly. Finally, to eliminate assembly errors, sequence reads were mapped 356 

against the resulting consensus sequences. In case of data originating from animal trial 2, only 357 

partial datasets were used for the initial de novo assembly of complete genome sequences. All 358 

raw reads were subsequently mapped against the resultant consensus sequences to eliminate 359 

assembly errors. To compare consensus sequences of complete coding regions, these were 360 
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aligned using MAFFT (Katoh et al., 2002) within Geneious 8.0.5 (Biomatters Ltd, Auckland, 361 

New Zealand).  362 

Population analyses 363 

Quality trimming and duplicate reads removal was performed prior to population analysis 364 

using the QUASR pipeline (Watson et al., 2013) with –l 50 and –m 30 for minimum length 365 

and minimum mean read quality, respectively. For population analysis, the procedure 366 

previously described (Höper et al., 2015) was further developed. In brief, ten equalized read 367 

datasets of each sample were mapped (Genome Sequencer software suite v3.0; Roche) along 368 

the respective inoculum consensus genome (forward and reverse) and a detailed 369 

454alignmentInfo.tsv file was generated using the –nft parameter. All subsequent calculations 370 

were performed in R (R Development Core Team, 2014). From the data in file 371 

454AlignmentInfo.tsv, proportions were calculated for every base at every position. For high 372 

reliability of the results, only variants with frequencies of at least 0.05 were taken into account 373 

when the frequencies between the forward and reverse mapping results did not differ more 374 

than 4-fold. For the calculation of Manhattan distances between viral populations, 500 375 

bootstrap replicates were calculated from the complete table representing the frequencies of 376 

all bases at all genome positions. Finally, the mean distances of the bootstraps were calculated 377 

for each partial read dataset. The Manhattan distances were fitted 2-dimensionally for plotting 378 

using R function cmdscale. For the final plot, the focus of the population locations for each 379 

sample was calculated.  380 

Acknowledgements 381 

We thank Moctezuma Reimann and Patrick Zitzow for technical assistance. This study was 382 

supported by the EMIDA ERA-NET project “Molecular Epidemiology of Epizootic Diseases 383 

using Next Generation Sequencing Technology (Epi-SEQ)” (grant 2811ERA094).  384 



17 
 

References 385 

Becker, N., Jöst, H., Ziegler, U., Eiden, M., Höper, D., Emmerich, P., Fichet-Calvet, E., Ehichioya, D. 386 
U., Czajka, C., Gabriel, M., Hoffmann, B., Beer, M., Tenner-Racz, K., Racz, P., Günther, S., 387 
Wink, M., Bosch, S., Konrad, A., Pfeffer, M., Groschup, M. H. & Schmidt-Chanasit, J. (2012). 388 
Epizootic emergence of Usutu virus in wild and captive birds in Germany. PLoS One 7, 389 
e32604-e32604. 390 

Beer, M., Goller, K. V., Staubach, C. & Blome, S. (2015). Genetic variability and distribution of 391 
Classical swine fever virus. Anim Health Res Rev 16, 33-39. 392 

Bintintan, I. & Meyers, G. (2010). A New Type of Signal Peptidase Cleavage Site Identified in an RNA 393 
Virus Polyprotein. J Biol Chem 285, 8572-8584. 394 

Blome, S., Gabriel, C., Schmeiser, S., Meyer, D., Meindl-Böhmer, A., Koenen, F. & Beer, M. (2014). 395 
Efficacy of marker vaccine candidate CP7_E2alf against challenge with classical swine fever 396 
virus isolates of different genotypes. Vet Microbiol 169, 8-17. 397 

Bordería, A. V., Isakov, O., Moratorio, G., Henningsson, R., Agüera-González, S., Organtini, L., 398 
Gnädig, N. F., Blanc, H., Alcover, A., Hafenstein, S., Fontes, M., Shomron, N. & Vignuzzi, M. 399 
(2015). Group Selection and Contribution of Minority Variants during Virus Adaptation 400 
Determines Virus Fitness and Phenotype. PLoS Pathog 11, e1004838. 401 

David, D., Edri, N., Yakobson, B. A., Bombarov, V., King, R., Davidson, I., Pozzi, P., Hadani, Y., 402 
Bellaiche, M., Schmeiser, S. & Perl, S. (2011). Emergence of classical swine fever virus in 403 
Israel in 2009. Veterinary journal 190, e146-149. 404 

Dräger, C., Beer, M. & Blome, S. (2015). Porcine complement regulatory protein CD46 and heparan 405 
sulfates are the major factors for classical swine fever virus attachment in vitro. Arch Virol 406 
160, 739-746. 407 

Fahnøe, U., Pedersen, A. G., Dräger, C., Orton, R. J., Blome, S., Höper, D., Beer, M. & Rasmussen, T. 408 
B. (2015). Creation of Functional Viruses from Non-Functional cDNA Clones Obtained from an 409 
RNA Virus Population by the Use of Ancestral Reconstruction. PLoS One 10, e0140912. 410 

Fahnøe, U., Pedersen, A. G., Risager, P. C., Nielsen, J., Belsham, G. J., Höper, D., Beer, M. & 411 
Rasmussen, T. B. (2014). Rescue of the highly virulent classical swine fever virus strain 412 
"Koslov" from cloned cDNA and first insights into genome variations relevant for virulence. 413 
Virology 468-470, 379-387. 414 

Gallei, A., Blome, S., Gilgenbach, S., Tautz, N., Moennig, V. & Becher, P. (2008). Cytopathogenicity 415 
of Classical Swine Fever Virus Correlates with Attenuation in the Natural Host. J Virol 82, 416 
9717-9729. 417 

Goller, K. V., Gabriel, C., Le Dimna, M., Le Potier, M.-F., Rossi, S., Staubach, C., Merboth, M., Beer, 418 
M. & Blome, S. (2015). Evolution and molecular epidemiology of Classical swine fever virus 419 
during a multi-annual outbreak among European wild boar. J Gen Virol in revision. 420 

Greiser-Wilke, I., Depner, K., Fritzemeier, J., Haas, L. & Moennig, V. (1998). Application of a 421 
computer program for genetic typing of classical swine fever virus isolates from Germany. J 422 
Virol Methods 75, 141-150. 423 

Höper, D., Freuling, C. M., Müller, T., Hanke, D., von Messling, V., Duchow, K., Beer, M. & 424 
Mettenleiter, T. C. (2015). High definition viral vaccine strain identity and stability testing 425 
using full-genome population data – The next generation of vaccine quality control. Vaccine 426 
33, 5829-5837. 427 

Hulst, M., Loeffen, W. & Weesendorp, E. (2013). Pathway analysis in blood cells of pigs infected with 428 
classical swine fever virus: comparison of pigs that develop a chronic form of infection or 429 
recover. Arch Virol 158, 325-339. 430 

Hulst, M. M., van Gennip, H. G. & Moormann, R. J. (2000). Passage of Classical Swine Fever Virus in 431 
Cultured Swine Kidney Cells Selects Virus Variants That Bind to Heparan Sulfate due to a 432 
Single Amino Acid Change in Envelope Protein Erns. J Virol 74, 9553-9561. 433 



18 
 

Juozapaitis, M., Moreira, É., Mena, I., Giese, S., Riegger, D., Pohlmann, A., Höper, D., Zimmer, G., 434 
Beer, M., García-Sastre, A. & Schwemmle, M. (2014). An infectious bat-derived chimeric 435 
influenza virus harbouring the entry machinery of an influenza A virus. Nat Commun 5, 4448. 436 

Katoh, K., Misawa, K., Kuma, K. & Miyata, T. (2002). MAFFT: a novel method for rapid multiple 437 
sequence alignment based on fast Fourier transform. Nucleic Acids Res 30, 3059-3066. 438 

Lange, M., Kramer-Schadt, S., Blome, S., Beer, M. & Thulke, H. H. (2012). Disease severity declines 439 
over time after a wild boar population has been affected by classical swine fever—Legend or 440 
actual epidemiological process? Prev Vet Med 106, 185-195. 441 

Lattwein, E., Klemens, O., Schwindt, S., Becher, P. & Tautz, N. (2012). Pestivirus Virion 442 
Morphogenesis in the Absence of Uncleaved Nonstructural Protein 2-3. J Virol 86, 427-437. 443 

Leifer, I., Hoffmann, B., Höper, D., Bruun Rasmussen, T., Blome, S., Strebelow, G., Höreth-Böntgen, 444 
D., Staubach, C. & Beer, M. (2010). Molecular epidemiology of current classical swine fever 445 
virus isolates of wild boar in Germany. J Gen Virol 91, 2687-2697. 446 

Meyers, G. & Thiel, H. J. (1996). Molecular characterization of pestiviruses. Adv Virus Res 47, 53-118. 447 
Moennig, V., Floegel-Niesmann, G. & Greiser-Wilke, I. (2003). Clinical Signs and Epidemiology of 448 

Classical Swine Fever: A Review of New Knowledge. Veterinary journal 165, 11-20. 449 
Paton, D. J., McGoldrick, A., Greiser-Wilke, I., Parchariyanon, S., Song, J. Y., Liou, P. P., Stadejek, T., 450 

Lowings, J. P., Björklund, H. & Belák, S. (2000). Genetic typing of classical swine fever virus. 451 
Vet Microbiol 73, 137-157. 452 

Petrov, A., Blohm, U., Beer, M., Pietschmann, J. & Blome, S. (2014). Comparative analyses of host 453 
responses upon infection with moderately virulent Classical swine fever virus in domestic 454 
pigs and wild boar. Virol J 11, 134. 455 

Postel, A., Schmeiser, S., Perera, C. L., Rodríguez, L. J., Frias-Lepoureau, M. T. & Becher, P. (2013). 456 
Classical swine fever virus isolates from Cuba form a new subgenotype 1.4. Vet Microbiol 457 
161, 334-338. 458 

R Development Core Team (2014). R: A Language and Environment for Statistical Computing, 3.1.0 459 
edn. Vienna, Austria: R Foundation for Statistical Computing. 460 

Ridpath, J. F., Bayles, D. O., Neill, J. D., Falkenberg, S. M., Bauermann, F. V., Holler, L., Braun, L. J., 461 
Young, D. B., Kane, S. E. & Chase, C. C. (2015). Comparison of the breadth and complexity of 462 
bovine viral diarrhea (BVDV) populations circulating in 34 persistently infected cattle 463 
generated in one outbreak. Virology 485, 297-304. 464 

Rümenapf, T., Meyers, G., Stark, R. & Thiel, H. J. (1991). Molecular characterization of hog cholera 465 
virus. Arch Virol Suppl 3, 7-18. 466 

Töpfer, A., Höper, D., Blome, S., Beer, M., Beerenwinkel, N., Ruggli, N. & Leifer, I. (2013). 467 
Sequencing approach to analyze the role of quasispecies for classical swine fever. Virology 468 
438, 14-19. 469 

Tratschin, J. D., Moser, C., Ruggli, N. & Hofmann, M. A. (1998). Classical Swine Fever Virus Leader 470 
Proteinase Npro Is Not Required for Viral Replication in Cell Culture. J Virol 72, 7681-7684. 471 

Watson, S. J., Welkers, M. R., Depledge, D. P., Coulter, E., Breuer, J. M., de Jong, M. D. & Kellam, P. 472 
(2013). Viral population analysis and minority-variant detection using short read next-473 
generation sequencing. Philosophical transactions of the Royal Society of London Series B, 474 
Biological sciences 368, 20120205. 475 

 476 

477 



19 
 

Table 1: Summary of sample materials and obtained sequencing results.  478 

Table 2: Summary of variants detected in the populations of samples derived from animal 479 

trial 2, mean percentages and standard deviations.  480 

Table 3: Summary of variants detected in the populations of samples derived from animal 481 

trial 3, mean percentages and standard deviations. 482 

 483 

Figure 1: Metrically scaled Manhattan distances between viral populations. The sizes of the 484 

circles represent the diversity of the viral populations (solid, mean variability calculated from 485 

the replicates; dashed, mean plus standard deviation). For details about calculations please 486 

refer to materials and methods. (a) Viral populations of animal trial 2 (T2). For T2-inoculum 487 

no standard deviation could be calculated since the data were not sufficient for replicate 488 

calculations based on partial datasets. (b) Viral populations of animal trial 3 (T3) plotted with 489 

the same scale as (a). The dotted rectangle shows the region that is enlarged in (c). (c) 490 

Enlarged plot of viral populations of T3.  491 
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Table 1 
Sample ID

1
 Trial Animal Animal # Virus sample matrix Sampling dpi Disease course Sequence Accession 

T1-inoculum 1 NA NA Alfort-p447 CCS NA NA complete coding  ERS970449 

T1-DP43C7L 1 Domestic pig 43 Alfort-p447 leukocytes 7 chronic NA NA 

T1-DP43C10L 1 Domestic pig 43 Alfort-p447 leukocytes 10 chronic complete coding  ERS970450 

T1-DP43C44S 1 Domestic pig 43 Alfort-p447 serum 44 chronic complete coding  ERS970451 

T1-DP44AT10L 1 Domestic pig 44 Alfort-p447 leukocytes 10 acute-transient NA  NA 

T2-inoculum 2 NA NA CSF1047 CCS, 4
th

 passage NA NA complete coding  ERS970452 

T2-CSFV1047-P5 2 NA NA CSF1047 CCS, 5
th

 passage NA NA complete coding ERS970453 

T2-DP365C10B 2 Domestic pig 365 CSF1047 EDTA blood   10 chronic complete coding  ERS970454 

T2-DP365C41B 2 Domestic pig 365 CSF1047 EDTA blood   41 chronic complete coding  ERS970455 

T2-DP366C10B 2 Domestic pig 366 CSF1047 EDTA blood   10 chronic complete coding  ERS970456 

T2-DP366C41B 2 Domestic pig 366 CSF1047 EDTA blood   41 chronic complete coding  ERS970457 

T2-DP368AL14B 2 Domestic pig 368 CSF1047 EDTA blood   14 acute-lethal complete coding  ERS970458 

T3-inoculum 3 NA NA CSF1052 CCS NA NA complete coding  ERS970459 

T3-DP56AT3L 3 Domestic pig 56 CSF1052 Leukocytes 3 acute-transient NA NA 

T3-DP56AT14L 3 Domestic pig 56 CSF1052 Leukocytes 14 acute-transient NA NA 

T3-DP60AL3L 3 Domestic pig 60 CSF1052 Leukocytes 3 acute-lethal NA NA 

T3-DP60AL14L 3 Domestic pig 60 CSF1052 Leukocytes 14 acute-lethal NA NA 

T3-WB13AT3L 3 Wild boar 13 CSF1052 Leukocytes 3 acute-transient NA NA 

T3-WB13AT14L 3 Wild boar 13 CSF1052 Leukocytes 14 acute-transient NA NA 

T3-WB15C3L 3 Wild boar 15 CSF1052 Leukocytes 3 chronic NA NA 

T3-WB15C14L 3 Wild boar 15 CSF1052 Leukocytes 14 chronic complete coding  ERS970460 

T3-WB16AL3L 3 Wild boar 16 CSF1052 Leukocytes 3 acute-lethal NA NA 

T3-WB16AL14L 3 Wild boar 16 CSF1052 Leukocytes 14 acute-lethal complete coding  ERS970461 

T3-DP49AL3L 3 Domestic pig 49 CSF1052 Leukocytes 3 acute-lethal NA NA 

T3-DP49AL14L 3 Domestic pig 49 CSF1052 Leukocytes 14 acute-lethal complete coding ERS970462 

T3-DP53AL3L 3 Domestic pig 53 CSF1052 Leukocytes 3 acute-lethal NA NA 

T3-DP53AL14L 3 Domestic pig 53 CSF1052 Leukocytes 14 acute-lethal complete coding ERS970463 

 
1 notation of the sample IDs: Tx, animal trial number; animal race and number (DP, domestic pig; WB, wild boar); course of infection (C, chronic; AT, acute-transient; AL, acute-lethal); sampling time point (dpi); sample 

matrix (L, leukocytes; B, blood; S, serum).    
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Table 2 
Base

1
 Amino acid

2
 Protein Domain T2-inoculum 4P T2-CSFV1047-P5 T2-DP365C10B

3
 T2-DP365C41B

3
 T2-DP366C10B T2-DP366C41B

3
 T2-DP368AL14B

3
 

870A 
290R E

rns
 RNase T2 

100 100 ±0  100 ±0  
100 ±0  

(96.6 ±1.4) 
99.4 ±1.8  90.5 ±1.8  100 ±0  

870G 0 0 ±0  0 ±0  
0 ±0  

(3.7±0.9) 
5.7 ±0  9.2 ±1.6  0 ±0  

1428A 476R 
E

rns
 

 

37.5 82.7 ±1.1  
0 ±0  

(2.6 ±0.5 ) 
10.4 ±1.3  6.4 ±1.2  15.4 ±2.2  

0 ±0  
(2.2 ±0) 

1428T 476S 62.5 17.3 ±1.1  
100 ±0  

(98.3 ±0.9 ) 
89.3 ±1.2  96.2 ±3.4  83.9 ±2.1  

100 ±0  
(99.3 ±0.9) 

2259A 
753R E2 Antigenic Unit B/C 

0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  12.2 ±1.4  

2259G 100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  87.7 ±1.4  

2317A 773I 
E2 Antigenic Unit B/C, A/D 

0 0 ±0  6.2 ±0  
0 ±0  

(3.2 ±0.7) 
5.9 ±0.6  

0 ±0  
(2.7 ±0.6) 

5.4 ±0.2  

2317T 773F 100 100 ±0  99.4 ±2.0  
100 ±0  

(97.3 ±1.6) 
97.7 ±3  

100 ±0  
(97.4 ±1.1) 

98.9 ±2.3  

3192A 
1064Q p7   

0 0 ±0  0 ±0  0 ±0  21.1 ±3.4  14.2 ±1.8  0 ±0  

3192G 100 100 ±0  100 ±0  100 ±0  78.9 ±3.4  85.8 ±1.8  100 ±0  

3245A 1082N 
p7   

100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  22.7 ±2.4  

3245C 1082T 0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  77.2 ±2.6  

3261C 
1087Y p7  

100 100 ±0  100 ±0  
100 ±0  

(99.3 ±0.7) 
77.2 ±3.9  84.3 ±2.1  86.4 ±1.8  

3261T 0 0 ±0  0 ±0  
0 ±0  

(1.6 ±0) 
22.4 ±3.9  15.5 ±2.1  13.2 ±1.8  

3381C 
1094Q p7   

0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  74.9 ±1.3  

3381T 100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  25 ±1.3  

3603C 
1201A NS2 transmembrane domain 

40 83 ±1  5.4 ±0  12.6 ±2.5  6.9 ±0.8  15.9 ±2.7  0 ±0  

3603T 60 17 ±1.0  99.5 ±1.7  87.3 ±2.5  97 ±3.5  84.1 ±2.7  100 ±0  

3720A 
1240L NS2   

100 100 ±0  74.8 ±1.4  79.6 ±1.6  100 ±0  100 ±0  95.5 ±3.1  

3720G 0 0 ±0  25.2 ±1.4  20.3 ±1.6  0 ±0  0 ±0  6.3 ±0.5  

3724A 1242M 
NS2   

0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  74.7 ±3.0  

3724C 1242L 100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  25.3 ±3.0  

4281C 
1427V NS2   

0 0 ±0  0 ±0  0 ±0  21.7 ±2.1  14.6 ±1.4  0 ±0  

4281T 100 100 ±0  100 ±0  100 ±0  78.3 ±2.1  85.2 ±1.5  100 ±0  

4362A 
1454V NS2 Peptidase C74 

0 0 ±0  0 ±0  0 ±0  5.7 ±0.6  5.2 ±0.3  0 ±0  

4362G 100 100 ±0  100 ±0  100 ±0  98.3 ±2.8  99 ±2.2  100 ±0  
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5517G 

1839V NS3 Helicase ATP-binding 

100 100 ±0  80.6 ±2.5  84.2 ±2.0  100 ±0  100 ±0  100 ±0  

5517T 0 0 ±0  18.8 ±2.1  15.5 ±1.9  0 ±0  0 ±0  0 ±0  

5517A 0 0 ±0  (1.7 ±0) 0 ±0  0 ±0  0 ±0  0 ±0  

5565C 
1855Y NS3 Helicase ATP-binding 

0 0 ±0  0 ±0  0 ±0  21.5 ±2.3  22 ±1.7  0 ±0  

5565T 100 100 ±0  100 ±0  100 ±0  78.3 ±2.4  77.9 ±1.7  100 ±0  

7755C 
2585S NS4B   

0 0 ±0  6.7 ±0.9  6.1 ±0.6  0 ±0  0 ±0  0 ±0  

7755T 100 100 ±0  96.7 ±3.6  96.4 ±3.1  100 ±0  100 ±0  100 ±0  

8307C 
2769N NS5A   

0 0 ±0  0 ±0  0 ±0  6.1 ±0.7  
0 ±0  

(3.2 ±0.8) 
0 ±0  

8307T 100 100 ±0  100 ±0  100 ±0  97.6 ±3.2  
99.5 ±1.7  

(96.6. ±0.9) 
100 ±0  

8934A 
2978T NS5A   

57.1 14.8 ±1.7  98.9 ±2.2  89 ±1.9  95.7 ±3.0  84.2 ±2  100 ±0  

8934T 42.9 84.5 ±1.5  5.3 ±0  10.6 ±1.8  5.9 ±0.8  15.6 ±2.1  0 ±0  

8955C 
2985D NS5A   

100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  22.3 ±2.1  

8955T 0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  77.5 ±2.2  

8979A 
2993K NS5A   

0 0 ±0  0 ±0  0 ±0  21 ±3.0  20.4 ±1.1  0 ±0  

8979G 100 100 ±0  100 ±0  100 ±0  79 ±3.0  79.5 ±1.1  100 ±0  

9972A 
3324T NS5B   

100 100 ±0  100 ±0  100 ±0  100 ±0  100 ±0  95.5 ±3.2  

9972G 0 0 ±0  0 ±0  0 ±0  0 ±0  0 ±0  6.4 ±1.2  

 
1 relative to the open reading frame 
2 relative to the polyprotein 
3. Numbers in italics and brackets represent frequencies detected without application of the stringent   
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Table 3 

Base
1
 Amino acid

2
 Protein Domain T3-inoculum T3-WB15C14L T3-WB16AL14L T3-DP49AL14L T3-DP53AL14L 

472A 158I 

N
pro

 Peptidase C53 

0 ±0  0 ±0  6.2 ±0.5  0 ±0  0 ±0  

472C 158L 0 ±0  0 ±0  0 ±0  0 ±0  6.7 ±0.9  

472T 158F 100 ±0  100 ±0  96 ±3.6  100 ±0  97.5 ±3.3  

1088G 363R 
E

rns
   

100 ±0  100 ±0  97.3 ±3.6  100 ±0  100 ±0  

1088T 363M 0 ±0  0 ±0  6.6 ±0.3  0 ±0  0 ±0  

1508A 503K 
E1   

0 ±0  6 ±0.5  0 ±0  0 ±0  0 ±0  

1508G 503R 100 ±0  95.1 ±2.6  100 ±0  100 ±0  100 ±0  

1665C 
555S E1   

7.9 ±0.3  6.1 ±1.3  6.9 ±1.9  6.5 ±1.2  11 ±3.9  

1665T 92.5 ±0.6  97.6 ±3.2  95.8 ±4.0  93.9 ±2.6  90.1 ±5  

1671C 
557V E1   

16.1 ±1.0  8.7 ±1.9  22.8 ±4.5  15.9 ±3.2  20.2 ±4.1  

1671T 83.9 ±1.0  91.3 ±1.9  77.2 ±4.5  84.1 ±3.2  79.8 ±4.1  

1957A 653I 
E1   

6.7 ±0.7  11.9 ±2.8  12.8 ±2.2  6.2 ±1.0  0 ±0  

1957G 653V 94 ±2.2  88.1 ±2.8  87 ±2.2  95.7 ±3.1  100 ±0  

2422C 
808L E2 antigenic unit A/D 

0 ±0  0 ±0  0 ±0  6.1 ±0.7  0 ±0  

2422T 100 ±0  100 ±0  100 ±0  95.4 ±2.7  100 ±0  

2655C 885Y 

E2   

0 ±0  0 ±0  0 ±0  0 ±0  7.1 ±1.5  

2655G 885* 0 ±0  0 ±0  5.4 ±0.2  0 ±0  0 ±0  

2655T 885Y 100 ±0  100 ±0  98.4 ±2.6  100 ±0  94.9 ±3.7  

3534A 
1178A NS2   

84.2 ±2.1  86 ±3.2  75.5 ±3.8  83.3 ±3.3  78 ±4.5  

3534G 15.8 ±2.1  13.7 ±3.2  24 ±4.1  16.7 ±3.3  21.7 ±4.2  

5800A 
1934R NS3 Helicase ATP-binding 

0 ±0  0 ±0  11.3 ±2.5  0 ±0  0 ±0  

5800C 100 ±0  100 ±0  88.7 ±2.5  100 ±0  100 ±0  

6270A 
2090A NS3 Helicase C-terminal 

0 ±0  0 ±0  0 ±0  0 ±0  7 ±2.0  

6270T 100 ±0  100 ±0  100 ±0  100 ±0  95.2 ±4.6  

7032G 2344W 
NS4B   

0 ±0  0 ±0  5.2 ±0  5.4 ±0.2  0 ±0  

7032T 2344C 100 ±0  100 ±0  99.5 ±1.6  96.7 ±2.9  99.5 ±1.6  

7419C 
2473F NS4B   

71.9 ±3.5  69.8 ±4.5  56.1 ±4.8  62.1 ±4.5  59 ±6.2  

7419T 28.1 ±3.5  30.2 ±4.5  43.8 ±4.8  37 ±4.3  41 ±6.2  

8028C 2676S NS4B   0 ±0  5.7 ±0.8  5.8 ±0  0 ±0  5.5 ±0.6  
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8028T 100 ±0  95.1 ±3.6  96 ±3.1  98.9 ±2.4  96.8 ±3.5  

8445C 
2815N NS5A glycosylation site 

100 ±0  96.5 ±3.1  100 ±0  99.4 ±2.0  99 ±3.1  

8445T 0 ±0  5.4 ±0  0 ±0  0 ±0  9.7 ±0  

9288A 
3096L NS5A   

0 ±0  0 ±0  0 ±0  0 ±0  7.3 ±0.9  

9288G 100 ±0  100 ±0  100 ±0  100 ±0  96.4 ±3.9  

9378C 
3126F NS5A   

84 ±1.2  88.2 ±2.6  78.5 ±3.3  86.9 ±4.1  78.9 ±3.7  

9378T 16 ±1.2  11.8 ±2.6  21.4 ±3.2  13 ±3.9  21.1 ±3.7  

9933A 
3311R NS5B   

11 ±1.2  10.4 ±1.6  9.5 ±2.5  7.5 ±2.0  6 ±0.2  

9933G 89 ±1.2  89.3 ±1.7  90.4 ±2.3  93.4 ±2.9  98.5 ±2.5  

10476A 
3492V NS5B   

0 ±0  0 ±0  5.9 ±0.9  0 ±0  0 ±0  

10476C 100 ±0  100 ±0  97 ±3.2  100 ±0  100 ±0 

 

1 relative to the open reading frame 
2 relative to the polyprotein 
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4. Summarized results and discussion 

Since the introduction of NGS, this technology gained more and more importance in 

diagnostic virology. Due to the dramatic drop in sequencing costs, this technique 

became almost a standard method for a more detailed virus characterization e.g. by 

whole-genome sequencing, and metagenomics developed to one of the most valuable 

tools in virus discovery (138). With the help of the generated sequence information, 

many pathogens cannot only be taxonomically classified, but also placed into a 

molecular epidemiological context. This enables e.g. to track the path of infection on a 

molecular level and allows a new era of molecular epidemiology during outbreaks (139-

141). Furthermore, sequence information can be used to identify virulence markers by 

comparative analyses. Subsequently, results can be used in reverse genetics or to 

establish novel diagnostic tools.  

For molecular epidemiology it is of utmost importance to generate valid sequence data. 

Phylogenetic analyses are often conducted using partial sequences only (e.g. (142-144)) 

leading in many cases to inconsistent results compared to other parts of the genome or 

in comparison to whole-genome analyses (145, 146). Therefore, for all studies within 

this work, whole-genome sequences were generated and subsequently used for 

phylogenetic analysis rather than just partial genomes (I-V). On the basis of 

metagenomics analyses and subsequent whole-genome sequencing, it was possible to 

identify a novel bornavirus from variegated squirrel which was most likely transmitted to 

humans. Sequences generated from one of the human cases and from samples of a 

squirrel from this patient showed an almost perfect match (I). Only two synonymous 

substitutions were detected between both samples in the L gene (I). Additionally, the 

novel bornavirus, which was named variegated squirrel bornavirus 1 (VSBV-1), could be 

identified as the possible cause of three human cases of fatal encephalitis (squirrel 

breeders in Saxony-Anhalt, Germany). Although NGS harbors great possibilities, further 

steps in virus discovery still depend on classical diagnostic methods like antigen staining 

and PCR, as it was also the case for the further analyses of the VSBV-1 cases.  

It has to be mentioned that a controversial discussion about infection of humans with 

classical bornaviruses was ongoing for several years (147, 148). However, there is a 
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broad consensus that classical borna disease virus (species mammalian 1 bornavirus) is 

not a zoonosis (149). Interestingly, in several mammalian species, including humans and 

squirrels, partial endogenous bornavirus sequences have been described (150, 151). The 

human infection with the new bornavirus was therefore confirmed by full-length 

sequencing, immuno-histological and immunofluorescent results. Nevertheless, so far 

virus isolation was not successful to fulfill Koch’s postulates (I). A close relationship with 

endogenous bornavirus sequences could be excluded by phylogenetic analysis as well as 

by PCR without a reverse-transcription step (I).  

But sequence data cannot only be used to track direct paths of infection but also to 

analyze the global epidemiological situation. Variegated squirrels are originally 

domiciled in Latin America. Therefore, further work is needed to elucidate whether the 

squirrels carried the virus when they were imported or if the virus originated from small 

mammals, as the Mammalian 1 bornavirus (152-154), and was transmitted to the 

squirrels after their importation (I). For this purpose squirrel samples from Latin America 

will be screened and subsequently sequenced for a more comprehensive analysis of the 

global epidemiological situation. That this approach is feasible by NGS could be 

demonstrated recently by our analyses of porcine epidemic diarrhea virus (PEDV). 

Since its first description in 1971 in Europe (155), PEDV was in the last years mainly a 

problem in Asia (156). In May 2013, outbreaks of PEDV with mortality rates of up to 95% 

were reported from the US (157). In the following weeks to months the epidemic spread 

to almost 30 states and a loss of 4-5 million suckling pigs was estimated. In consequence 

pork prices have reached new records (158).  As PEDV can cause high economic losses, it 

was of great importance to reveal the connection of a PEDV outbreak in Germany 

(Federal State of Baden-Wuerttemberg) in 2014 (II) to those of highly virulent strains in 

the US as fast as possible to initiate countermeasures if necessary. Pigs of the affected 

farm suffered from watery diarrhea. After first clinical signs were observed the disease 

spread to pigs in all age groups and around 20 animals died (II). PEDV was identified by 

reverse transcription quantitative PCR (RT-qPCR) and two feces samples with high 

genomic load were subsequently sequenced for a more comprehensive virus 

characterization (II). After a phylogenetic analysis of whole-genome sequences, the 

closest relationship to the strain OH581 was identified (II). This strain was described in 
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the US in 2014 and is characterized by a moderate virulence (159). In contrast, highly 

virulent strains from the US and China showed a more distant phylogenetic relationship. 

In addition to the molecular epidemiological context also the observed moderate 

virulence of the current German strain could be correlated with the genotype by whole-

genome sequencing of these coronaviruses (II). Such a correlation of the genotype and 

the biological properties like the virulence can be further used for the adaption and 

optimization of classical diagnostic tools (e.g. specific PCR assays). This enables e.g. a 

faster classification of the pathogen within diagnostics virology and genetic markers can 

be used for rapid diagnostics of novel strains.  

Although NGS can provide these additional information, sample preparation and 

sequencing can take up to a week or even longer. For that reason, NGS is not used for 

large scale screenings or standard diagnostics but for the identification of novel 

pathogens (138) and the detailed genome characterization (e.g. (160)). Within an 

outbreak of bovine viral diarrhea virus (BVDV) in 2013 first line diagnostics was also 

done by RT-qPCR. A subsequent phylogenetic analysis of the 5’-untranslated region 

(UTR) revealed the BVDV genotype 2c (III). However, outbreaks with this strain showed 

an unusually high virulence and samples from several outbreak farms were therefore 

characterized by NGS. Surprisingly, a virus population of three distinct and unexpected 

BVDV-2c genomes was identified: The major proportion (dup+, 95%) of the virus 

population harbored a duplication of 222 nt in the p7/NS2 encoding region, while the 

minor proportion (dup-, 5%) fits the standard BVDV-2c genome structure but itself is 

divided into two different genomes differentiated by various sequence variations within 

the p7/NS2 encoding region (III).  

These structural variants of BVDV-2c are an excellent example for the impact of data 

analysis on the results.  Reference mapping is a fast, simple and well-established method 

for whole-genome generation and variant detection. However, rearrangement or 

duplication events may be missed by those methods. Sequence reads will be aligned due 

to sequence homology but possibly not always at the right position of the genome. In 

contrast, a de novo assembly could be problematic for long repeat regions if they span a 

genome part greater than the average read length (161). However, especially for the 

detection of structural variants it is essential to prefer de novo assembly over reference 
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mapping as can be seen for the results of the BVDV-2c genome analysis (figure 10). By 

de novo assembly three contigs were generated, representing the major as well as the 

minor genome structure (figure 10A). In contrast, by reference mapping against the 

major variant, the reads would be aligned as seen in figure 10B, while the result of the 

mapping against a BVDV-2c reference genome, which resembles the minor genome 

structure, is displayed in figure 10C. Although reads belong to different regions of the 

genome, they all will be aligned to the p7/NS2 region (figure 10B). This in consequence 

would lead to a misinterpretation of the viral populations and the important duplication 

event would be overseen. In principle, duplications can be detected within the 

alignment depth (figure 10D), however, this tends to be more difficult especially for an 

uneven distribution of the reads. 

 

Figure 10  Schematic presentation of data analysis results for the BVDV-2c strain.  (A) contigs and 
their connection based on de novo assembly results which represents the real situation best. 
Orange contigs display the standard BVDV-2c genome, and the blue contig resembles the 
duplicated region. Black lines display connections of the assembled contigs. Labeling above 
contigs shows the contig number and its size. Labeling below contigs represents the average 
depth. Labeling of the connection lines shows the number of reads representing the connection. 
(B) Schematic representation of mapping results against the dup+ variant. Colors correspond to 
different parts of the genome. (C) Schematic representation of mapping results against the dup- 
variant. Colors correspond to different parts of the genome from (B). (D) Corresponding 
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alignment depth for reference mapping against dup-. The increase in the alignment depth which 
corresponds to the duplication is highlighted in red. 

Due to the high proportion of the dup+ variant, it is most likely that the observed high 

virulence is connected with the detected duplication event. However, further analyses 

concerning only the major proportion of the virus population are impossible. Studies 

with a similar strain (BVDV-890) (162) in a reverse-genetics system revealed that the 

structural variants without duplication are generated de novo during viral replication 

(III). Hence, a separation of the structural variants is not feasible. After the identification 

of the characteristic duplication, an RT-PCR was established for faster diagnostics of this 

specific virulent BVDV strain and to quantify the different structural variants. 

While the structural variants of this BVDV-2c strain were only distinguished by 222 nt 

and could be easily and clearly identified by an RT-PCR assays, such differences can 

increase markedly for huge DNA viruses and might therefore not be easily detected by 

PCR. Furthermore, the detection of a single virulence marker does not necessarily imply 

that other changes within the genome could not have an impact on virulence. 

Conversely, this also means that the virulence does not necessarily decrease if the 

marker is not present. Due to the size of DNA viruses, like the cowpox virus (CPXV) (ca. 

220,000-230,000 nt) it is possible that more than one deletion/insertion event occurs 

within one genome. A combination of these changes in consequence can have an impact 

on the virulence. Therefore, whole-genome sequences are also necessary for a 

comprehensive analysis of large DNA viruses. Although it might be possible to generate 

whole-genome sequences of small RNA viruses with an appropriate effort by Sanger 

sequencing (5), this tends to be very difficult for CPXV. Assuming an average size of 

1000 nt for a Sanger read and approx. 50 nt overlap of the necessary PCR products, one 

would need to sequence around 250 PCR products to cover a CPXV genome just once. In 

comparison, a 100-fold coverage can be achieved by a single NGS run. Additionally, large 

insertion/deletion events do not have to be taken into account prior to NGS analysis. For 

the here analyzed CPXV isolates with virulence differences, four deletions/insertions of 

ca. 660-5,800 nt were most prominent (IV). In comparison to a common vole derived 

strain “FM2292”, which had an intermediate virulence in Wistar rats, four deletions 

were observed in the non-virulent laboratory reference strain Brighton Red (BR), while 
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the isolate “RatPox09” showed only one specific deletion (IV). Analysis of virulence is 

mainly depending on in vivo studies. However, genome data can be very helpful for the 

further characterization. In comparison to “RatPox09” and “FM2292” four genes are 

affected (gCPXV0284, gCPXV0030, gCPXV0002, and gCPXV0003) in “BR”, while “BR” and 

“RatPox09” additionally share a deletion of the gCPXV0285 gene when compared to 

“FM2292”. The genes gCPXV0284, gCPXV0030, gCPXV0002, and gCPXV0003 have 

homologues in other members of the genus Orthopoxvirus and encode the kelch-like 

protein D7L, a putative 7-transmembrane-G-protein-coupled-receptor-like protein 

(7tGP), a N-methyl-D-aspartate (NMDA) receptor-like protein and the cytokine response 

modifier CrmE, respectively (IV). Since for kelch-like proteins and CrmE an influence to 

the virulence was demonstrated for vaccinia virus (163-166), these genes might 

represent virulent markers for CPXV (IV). For gCPXV0285 so far no function has been 

described (IV). As it is only found in the common vole derived strain, whereby common 

voles are suggested to be the reservoir host, the gene loss might be an adaptation to 

accidental host species (167, 168) (IV). This hypothesis is further supported by the facts 

that the genome of “FM2292” is larger compared to “RatPox09” and “BR” and harbors 

more OFRs (294 FM2292 vs. 289 RatPox09) (IV). Furthermore, based on the sequence 

information, a genotype-correlation was seen for A-type inclusion bodies (ATI) (169). 

The ATI-phenotype can be mainly distinguished into a V+ phenotype, where virions are 

embedded within the ATI matrix, and a V- phenotype where those virions are missing 

within the inclusion bodies (IV). It is known that three proteins are responsible for A-

type inclusion body formation (ati, p4c, A27L) (170, 171). Only in the “FM2292” isolate 

all of the coding regions for these proteins were intact and a V+ phenotype could be 

confirmed by electron microscopy. For the CPXV strains “BR” and “RatPox09”, the p4c 

encoding region is disrupted, and subsequently a V- phenotype is detected (IV). 

However, although NGS data can provide useful information for virus characterization, 

further analyses with classic technologies like cell culture growth, electron microscopy 

or even animal trials are necessary. Especially when dealing with infectious diseases, one 

also has to keep in mind that not only the genotype of the pathogen contributes to an 

observed virulence but also does the host system and the environment (172, 173). 
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That the observed outcome of a disease does not necessarily correlate with the virus 

genotype was e.g. shown for classical swine fever virus (CSFV) (V). For CSFV three 

different clinical pictures can be differentiated following infection: acute (acute-lethal or 

acute-transient), chronic and prenatal (174). While the acute-lethal infections, which are 

correlated with highly virulent CSFV strains like “Koslov”, and the consequences of 

prenatal infections of the fetus like fetal death or persistent infection due to immuno-

tolerance are well studied (175),  is it unknown how the chronic form of the disease is 

established. Therefore, the role of CSFV populations on the outcome of the disease was 

analyzed. Especially in the analysis of viral populations, NGS harbors major advantages 

compared to classical Sanger sequencing. Firstly, a virus can be sequenced directly from 

a sample without prior virus enrichment or amplification. Secondly, millions of reads can 

be generated by one sequencing run, and thirdly, each read is derived from an individual 

genome copy. On this basis, variant and population analyses are feasible by NGS (see 

also the introduction section). Based on consensus sequences for chronic CSFV 

infections no differences were found between the virus genomes of chronically infected 

animals and the used inoculum (V). In contrast, four substitutions were found within the 

viral genome of an acute-lethally infected animal. Even a more detailed variant and 

population analysis showed no significant differences (V). These results suggest that the 

observed chronic type of CSFV-infection is not the result of changes in the virus 

sequence after infection, but rather by yet unknown conditions of the host (e.g. the 

genotype of the host). Therefore, further analyses of chronic CSFV infection should also 

focus on the host. However, the fact that some CSFV strains, especially low-virulent and 

moderately virulent strains, might be able to generate a higher number of chronically 

infected pigs (176) remains still unsolved, and further genome comparisons of those 

strains with standard CSFV strains is needed for a better understanding of possible yet 

undiscovered viral factors which are preexistent before infection. 

In conclusion, NGS has a great potential to analyze the molecular epidemiology of 

epizootic pathogens and is responsible for a novel era of pathogen identification or in 

depth characterization. Under the aspect of molecular epidemiology, the whole-genome 

sequences of two newly identified or newly occurring pathogens were successfully 

generated by NGS (VSBV-1 and the new German PEDV), and could be placed into a 
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molecular epidemiological context (I-II). Further in-depth analyses were conducted for 

three other viruses - BVDV, CSFV and CPXV (III-V) - to reveal their genomic features, e.g. 

deletions/insertions, duplications and SNPs, in connection with their observed virulence 

pattern. Our results were able to provide new insights into virus populations and were 

also the basis for the establishment of new diagnostic protocols. However, it has to be 

clearly stated that NGS is a very powerful novel technology, but also in the “NGS-era”, 

virus characterization cannot solely be based on sequence data but is always dependent 

on further virological and molecular-biological methods including in vivo testing e.g. for 

virulence determination. Otherwise the field of virology would degenerate to a kind of 

pure “sequence collection” or “sequence virology”. Nevertheless, in the future, NGS will 

become more and more a standard tool in virology and NGS applications like analyzing 

the host-virus interactions by RNA-Seq or the RNA secondary structure in relation to its 

function by SHAPE-Seq could be used for an even more comprehensive characterization.  
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Für diese Arbeit habe ich zusammen mit Dr. Höper das manuelle Screening der 

Metagenom-Daten auf Borna-Sequenzen durchgeführt. Anschließend habe ich 

Gehirnmaterial vom dem Bunthörnchen und dem Patienten für die 

Sequenzierung mit dem Illumina MiSeq vorbereitet. Dies beinhaltete die cDNA-

Synthese, die Herstellung einer DNA-Bibliothek sowie deren Qualitätskontrolle 

und Quantifizierung. Aus den generierten Sequenzdaten wurden von mir 

anschließend mittels de novo Assembly die jeweiligen Volllängen-Genome des 

Bornavirus generiert, annotiert, und zum Hochladen in das European Nucleotide 

Archive formatiert. Zusätzlich habe ich phylogenetische Analysen durchgeführt 

und beim Verfassen des Manuskripts mitgewirkt. 

 

(II) Hanke D*, Jenckel M*, Petrov A, Ritzmann M, Stadler J, Akimkin V, Blome S, 
Pohlmann A, Schirrmeier H, Beer M, Hoper D. 2015. Comparison of Porcine 
Epidemic Diarrhea Viruses from Germany and the United States, 2014. Emerg 
Infect Dis 21:493-496. 

 

Aus der RNA der in dieser Arbeit analysierten Proben habe ich zunächst die für 

die Sequenzierung erforderliche doppelsträngige DNA mittels cDNA-Synthese 

hergestellt und daraus die DNA-Bibliotheken erstellt, deren Quantifizierung, 

Qualtitätskontrolle und schließlich Sequenzierung mittels Illumina MiSeq ich 

ebenfalls durchgeführthabe.  
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M. 2014. Mixed Triple: Allied Viruses in Unique Recent Isolates of Highly Virulent 
Type 2 Bovine Viral Diarrhea Virus Detected by Deep Sequencing. J Virol 88:6983-
6992.  
 

Die Probenvorbereitung für die Sequenzierung mit dem Illumina MiSeq, welche 

von mir durchgeführt wurde, beinhaltete die Extraktion der RNA mittels TRIzol, 

das Umschreiben der RNA in cDNA, sowie die Erstellung der DNA-Bibliotheken 

und deren Quantifizierung und Qualitätsüberprüfung. Aus den erhaltenen raw 

reads der Sequenzierung habe ich je Referenzstamm eine Genomsequenz und für 

die hochvirulenten Stämme jeweils zwei divergierende Volllängen-Genome 

erstellt, die ich annotiert und anschließend weitergehend mit Hinblick auf 

Mutationen analysiert habe. Darüber hinaus habe ich alle im Rahmen dieser 

Studie generierten Sequenzen für den Upload in die INSDC-Datenbanken 

formatiert. Außerdem habe ich phylogenetische Analysen der Volllängen-

Sequenzen durchgeführt und an der Etablierung einer Differenzierungs-RT-PCR, 

mit der ich die Anteile der Genomvarianten quantifiziert  habe, mitgearbeitet. 

Weiterhin war ich am Verfassen des Manuskripts beteiligt.  

 

(IV) Hoffmann D*, Franke A*, Jenckel M*, Tamosiunaite A, Schluckebier J, Granzow 

H, Hoffmann B, Fischer S, Ulrich RG, Höper D, Goller K, Osterrieder N, Beer M. 

2015. Out of the reservoir: Phenotypic and genotypic characterization of a novel 

cowpox virus isolated from a common vole. J Virol 89:10959-10969. 

 

Für diese Arbeit habe ich die DNA der Isolate zunächst extrahiert um daraus 

entsprechende DNA-Bibliotheken für die Sequenzierung mit dem Illumina MiSeq 

herzustellen und diese nach Qualitätskontrolle und Quantifizierung zu 

sequenzieren. Aus den generierten Sequenzdaten wurden von mir mittels de 

novo Assembly die jeweiligen Volllängen-Genome generiert. Anschließend habe 

ich die Genome annotiert. Dies beinhaltete die Erstellung eines neuen Systems 

für die Benennung zusätzlicher ORFs im Vergleich zum Referenzstamm Brighton 

Red, sowie die Programmierung eines R-Skriptes für einen möglichst 

automatisierten Ablauf. Die Annotierung ermöglichte mir im Anschluss einen 
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Vergleich hinsichtlich Deletions-/Insertionsereignissen in kodierenden Bereichen 

sowie die Formatierung für das Hochladen in die europäische Gendatenbank. Für 

eine Einordnung der unterschiedlichen Stämme in Cluster habe ich 

phylogenetische Analysen durchgeführt. Am Verfassen des Manuskripts war ich 

ebenfalls beteiligt. 

 

(V) Jenckel M, Blome S, Beer M, Höper D. 2015 Clinical courses of classical swine 
fever infections are not influenced by composition of viral quasispecies. Arch 
Virol. 2016 Nov 24. 
 

Aus der extrahierten RNA der Proben für Tierversuch 2 und 3 habe ich mittels 

cDNA-Synthese doppelsträngige DNA für die Erstellung von DNA-Bibliotheken 

hergestellt. Für die anschließende Sequenzierung mit dem Illumina MiSeq habe 

ich die Qualität der Bibliotheken überprüft und diese ebenfalls quantifiziert. Die 

Probenvorbereitung für Tierversuch 1 mittels 454 GSFLX erfolgte durch 

Moctezuma Reimann. Für die Datenauswertung habe ich zunächst für alle 

Proben die entsprechenden Volllängen-Genome erstellt und hinsichtlich ihres 

Konsensus verglichen. Für eine detaillierte Populations- und Variantenanalysen 

habe ich das entsprechende R-Skript von Dr. Höper um ein Bootstrapping, sowie 

um die Darstellung der Variantenanalyse erweitert. Am Verfassen des 

Manuskripts war ich beteiligt.  
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