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1 Summary 

Comparative investigations of different in situ hybridization methods and 

detection of novel viral agents causing central nervous system diseases 

 

Vanessa Maria Pfankuche 

 

In situ hybridization (ISH) represents a useful tool for the visualization of viral nucleic 

acids in different tissue specimens. The aims of the present study are (i) to compare 

three different ISH methods in their effectivity for the discovery of different viruses 

and (ii) the application of obtained data in the detection of novel as well as emerging 

and re-emerging pathogens. 

The first part of the thesis focused on a comparative analysis of three different ISH 

techniques for the detection of 8 different viruses in various tissues [5 RNA viruses: 

atypical porcine pestivirus (APPV) in the cerebellum of pigs, bovine hepacivirus 

(BovHepV) in the liver of cows, equine hepaciviurs (EqHV) in the liver of horses, 

Middle East respiratory syndrome coronavirus (MERS-CoV) in the nose of camels, 

Schmallenberg virus (SBV) in the cerebrum of goats and 3 DNA viruses: canine 

bocavirus 2 (CBoV-2) in the intestine of dogs, porcine bocavirus (PBoV) in the spinal 

cord of pigs and porcine circovirus type 2 (PCV-2) in the lung, the pulmonary lymph 

node and the cerebrum of pigs]. The compared methods include (i) chromogenic ISH 

(CISH) with the use of self-designed digoxigenin (DIG)-labeled RNA probes using the 

pCR4-TOPO vector for the detection of RNA and DNA viruses, (ii) CISH with the use 

of DIG-labeled commercially produced RNA (equine hepacivirus) or DNA probes 

(DNA viruses) and (iii) fluorescent ISH (FISH) using a commercially available RNA 

probe mix (Thermo Fisher Scientific) for the detection of RNA and DNA viruses. In 

total, the RNA probe mix detected 7 of 8 viruses (87.5%), but failed to detect MERS-

CoV in the decalcified nose of a camel. The self-designed RNA probes detected 50% 

of tested viruses, 2 RNA and 2 DNA viruses, respectively. The commercially 

produced DNA probes detected 66.67% of DNA viruses, but the probes for EqHV 

failed to detect the virus. Three viruses, SBV, CBoV-2 and PCV-2 were detected by 
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all tested probes. Cell-associated positive areas and total tissue areas of stained 

slides were measured and the percentage of the positive area was calculated. The 

positive area was largest using the RNA probe mix for CBoV-2 and PCV-2 in all 

tested tissues. In contrast, for SBV, the anti-sense RNA probe detected the largest 

positive area in the cerebrum of a goat.  

Regarding the material costs, 10€ per slide have to be considered for the digoxigenin 

labeled probes, self-designed RNA and commercially produced RNA and DNA 

probes, including probe synthesis and ISH procedure. In contrast, ISH of one slide 

using the RNA probe mix, which revealed a high detection rate, costs at least 60€. 

Evaluation of time was performed in three different categories, which are (i) pure 

working time, (ii) working time including incubation periods and (iii) total time 

beginning with the probe, kit and plasmid order. Regarding the pure working time and 

the working time including incubation periods, the commercially available RNA probe 

mix is the fastest with 3 or 13 hours, respectively. This is also a cost-saving aspect. 

The major drawback of this method is a long order time of 21 days. In contrast, ISH 

with commercially produced or self-generated probes takes about 10 and 16 days, 

respectively. 

Summarized, ISH is a very useful tool in virus discovery. However, the choice of the 

most suitable ISH technique is very case-dependent, as factors including time, costs 

and detection rate differ for the various techniques, viruses and tissues. However, the 

RNA probe mix showed the highest detection rate for the tested viruses. 

The second part of the thesis deals with the detection of PBoV in the spinal cord of a 

pig suffering from encephalomyelitis using next generation sequencing (NGS) and 

FISH. This is the first report of PBoV in the central nervous system (CNS) of pigs. 

Interestingly, human bocavirus has been isolated from the cerebrospinal fluid of 

patients suffering from encephalitis, before. Nevertheless, the use of FISH shows the 

neurotropism of PBoV as viral nucleic acids were visualized within the cytoplasm and 

nucleus of neurons. FISH was used to show a correlation of detected lesions and 

virus, which gives a strong hint on the pathogenicity of PBoV as the isolation of the 

virus failed and thus, Koch´s postulates cannot be fulfilled. 
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The third part describes the detection of feline panleukopenia virus (FPV) in the CNS 

of a cat with clinical signs of ataxia and histopathologically detected intraneuronal 

vacuoles. FPV has been demonstrated in neurons in cats before. However, the in 

situ detection of viral nucleic acids and proteins using CISH and 

immunohistochemistry in vacuolated neurons, in glial and in endothelial cells point on 

a new manifestation pattern of FPV in cats, as FPV infections of the feline CNS are 

usually restricted to cerebellar malformations. 

The fourth part deals with the detection and visualization of Batai virus in the CNS of 

a seal suffering from meningoencephalomyelitis using virus isolation, NGS and FISH. 

Viral nucleic acids were detected in several CNS regions including cerebrum, 

cerebellum and spinal cord. Furthermore, Batai virus was detected within the tunica 

mucosa of the small intestine and in cortical and medullary lymphocytes of the 

pulmonary lymph node. RT-PCR substantiated the results, as the highest viral loads 

were detected in CNS material, followed by intestine. FISH of the CNS of eight 

further seals with similar histopathological alterations was negative. However, 

another seal from the same zoo that died two months prior due to acute renal failure 

showed a positive Batai virus specific signal within glomeruli and renal tubular 

epithelial cells, cells of the tunica mucosa of the small intestine and cortical and 

medullary lymphocytes of the pulmonary lymph node. Summarized, this is the first 

documented Batai virus associated CNS disease in a naturally infected mammal and 

the first documented case of Batai virus infection in marine mammals. Therefore, 

Batai virus should be considered as a neurotropic virus in seals.  

The fifth part describes the detection of APPV in several organs of piglets with 

congenital tremor. A mild reduced staining intensity accentuated in the lateral white 

matter of the spinal cord was detected in four out of six diseased animals using luxol 

fast blue staining, while two age-matched, clinically unaffected control animals 

revealed regular myelination. FISH shows that, regarding the CNS, APPV has a 

tropism for neurons of the inner granular cell layer of the cerebellum. Nevertheless, 

histopathologic changes were missing in the cerebellum of positive piglets. However, 

the evidence of APPV genomes in newborn piglets affected by congenital tremor, in 
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contrast to unaffected piglets, underlines the potential role of APPV in the 

development of congenital tremor. 

In the sixth part of the work, tinamous with necrotizing hepatitis were found to be 

positive for avian hepadnavirus using NGS. Viral nucleic acids were detected 

intralesionally by FISH assigning avian hepadnavirus a role in the development of 

necrotizing hepatitis. Furthermore, viral nucleic acids were detected by FISH in the 

kidneys and testes of a tinamou, maybe as a result of viremia. Nevertheless, 

although viremia is described for hepadnaviruses, the CNS was negative for avian 

hepadnavirus. 

The seventh part of the thesis describes the investigation of pathogens in foxes, 

stone martens and raccoon dogs with lymphohistiocytic encephalitis. However, 

despite the use of immunohistochemistry for typical neurotropic viruses and NGS, the 

cause of disease remains unknown. Whether this is due to the limitation of the used 

method or secondary causes of pathogen-related mechanisms including molecular 

mimicry and epitope spreading has to be considered and needs to be investigated in 

further studies.  

Summarized, the implemented results of the technical comparison of different in situ 

hybridization techniques for the discovery of a series of newly discovered viruses 

underline the importance of this detection system. 
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2 Zusammenfassung 

Vergleichende Untersuchungen verschiedener in situ-Hybridisierungs-

Methoden und Nachweis neuartiger, neuropathogener Viren  

 

Vanessa Maria Pfankuche 

 

In situ-Hybridisierung (ISH) stellt eine nützliche Methode zur Visualisierung viraler 

Nukleinsäuren in verschiedenen Gewebeproben dar. Die Ziele der vorliegenden 

Studie sind (i) der Vergleich dreier verschiedener ISH-Methoden in ihrer Effektivität 

verschiedene Viren zu detektieren und (ii) die Anwendung erhobener Daten zum 

Nachweis neuartiger sowie neu aufkommender und wieder-aufflammender 

Krankheitserreger.  

Der erste Teil der Arbeit konzentriert sich auf eine vergleichende Studie dreier ISH-

Techniken zum Nachweis 8 verschiedener Viren in unterschiedlichen Geweben [5 

RNS-Viren: atypisches porzines Pestivirus (APPV) im Kleinhirn von Schweinen, 

bovines Hepacivirus (BovHepV) in der Leber von Rindern, equines Hepaciviurs 

(EqHV) in der Leber von Pferden, Middle East Respiratory Syndrome Coronavirus 

(MERS-CoV) in der Nase von Kamelen, Schmallenberg-Virus (SBV) im Großhirn von 

Ziegen und 3 DNS-Viren: kanines Bocavirus (CBoV-2) im Darm von Hunden, 

porzines Bocavirus (PBoV) im Rückenmark von Schweinen und porzines Circovirus 

2 (PCV-2) in der Lunge, dem Lungenlymphknoten und dem Großhirn von 

Schweinen]. Die Vergleichsmethoden umfassen (i) chromogene ISH (CISH) unter 

Verwendung von selbst entworfenen und synthetisierten Digoxigenin (DIG)-

markierten RNS-Sonden unter Verwendung des pCR4-TOPO-Vektors zum Nachweis 

von RNS- und DNS-Viren, (ii) CISH unter Verwendung von DIG-markierten 

kommerziell hergestellten RNS- (equines Hepacivirus) oder DNS-Sonden (DNS-

Viren) und (iii) fluoreszierende ISH (FISH) unter Verwendung kommerziell erhältlicher 

RNS-Sonden-Mixe (Thermo Fisher Scientific) zur Detektion von RNS- und DNS-

Viren. Die RNS-Sonden-Mixe detektierten 7 von 8 Viren (87,5%), jedoch waren sie 

nicht in der Lage MERS-CoV in entkalktem Nasengewebe eines Kamels 
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nachzuweisen. Die selbst entworfenen RNS-Sonden detektierten 50% der getesteten 

Viren, 2 RNS- und 2 DNS-Viren. Die kommerziell produzierten DNS-Sonden 

detektierten 66,67% der DNS-Viren, allerdings konnten die EqHV-spezifischen RNS-

Sonden das Virus nicht nachweisen. SBV, CBoV-2 und PCV-2 konnten von allen 

getesteten Sonden nachgewiesen werden. Zur Berechnung der zellassoziierten, 

positiven Fläche wurden Gesamtflächen des Gewebes pro Objektträger und die 

zellassoziierten positiven Bereiche gemessen. Aus den Ergebnissen wurde der 

Prozentsatz der positiven Fläche berechnet. Für CBoV-2 und PCV-2 war die größte 

positive Fläche unter Verwendung des RNS-Sonden-Mixes zu beobachten. Im 

Gegensatz dazu, wurde für SBV die größte Fläche im Großhirn einer SBV-positiven 

Ziege unter Verwendung der anti-sense RNS-Sonde gemessen.  

Die Materialkosten, die bei der ISH mittels DIG-markierter Sonden, sowohl selbst 

entworfener RNS als auch die kommerziell hergestellter RNS- und DNS-Sonden, 

inklusive Sondensynthese und ISH, entstehen, belaufen sich auf 10,-€ pro Schnitt. 

Im Gegensatz dazu kostet ein Objektträger mit dem RNS-Sonden-Mix, der eine hohe 

Sensitivität zeigte, mindestens 60,-€. Die benötigte Zeit wurde nach drei 

Auswertungskategorien berechnet, (i) die reine Arbeitszeit (ii) die Arbeitszeit 

einschließlich Inkubationszeiten und (iii) die benötigte Zeit in Tagen beginnend mit 

der Sonden-, Kit- und Plasmid-Bestellung. In Bezug auf die Arbeitszeit ohne und mit 

Inkubationszeiten ist der kommerziell erhältliche RNS-Sonden-Mix mit 3 bzw. 13 

Stunden das schnellste System. Dies stellt außerdem einen kostensparenden Aspekt 

dar. Der größte Nachteil dieser Methode sind allerdings lange Bestellzeiten von 21 

Tagen. Im Gegensatz dazu dauert eine ISH mit kommerziell produzierten oder selbst 

gebauten Sonden etwa 10 bzw. 16 Tage. 

Abschließend lässt sich sagen, dass die ISH eine sehr hilfreiche Methode für die 

Entdeckung neuartiger Viren darstellt. Allerdings ist die Wahl, der am besten 

geeigneten ISH-Technik, sehr fallabhängig, da Faktoren wie Zeit, Kosten und 

Sensitivität zwischen den verschiedenen Techniken, Viren und Geweben variieren. 

Allerdings zeigte der RNS-Sonden-Mix im Nachweis der getesteten Viren die höchste 

Detektionsrate.  
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Der zweite Teil der Arbeit beschäftigt sich mit dem Nachweis von PBoV im 

Rückenmark eines Schweins mit Enzephalomyelitis unter Verwendung von next 

generation sequencing (NGS) und FISH. Dies ist der erste Bericht von PBoV im 

zentralen Nervensystem (ZNS) von Schweinen. Interessanterweise wurde aus dem 

Liquor von Menschen mit Enzephalitiden bereits ein humanes Bocavirus isoliert. Die 

Verwendung von FISH zeigt den Neurotropismus von PBoV, da virale Nukleinsäuren 

innerhalb des Zytoplasmas und des Zellkerns von Neuronen detektiert wurden. Da 

die Isolierung von PBoV fehlschlug und die Koch´schen Postulate damit nicht zu 

erfüllen sind, wurde die FISH verwendet, um eine Korrelation aus Läsion und Virus 

herzustellen, die deutlich auf die Pathogeniät von PBoV hinweist. 

Der dritte Teil beschreibt den Nachweis des felinen Panleukopenie-Virus (FPV) im 

ZNS einer Katze mit klinischer Ataxie und histologisch nachgewiesenen 

intraneuronalen Vakuolen. FPV wurde bereits in Neuronen bei Katzen 

nachgewiesen. Allerdings deutet der in situ-Nachweis viraler Nukleinsäuren und 

Proteine mittels CISH und Immunhistochemie in vakuolisierten Neuronen, in 

Gliazellen und in Endothelzellen auf ein neues Manifestationsmuster von FPV bei 

Katzen hin, da FPV-Infektionen des felinen ZNS meist auf zerebelläre Missbildungen 

beschränkt sind. 

Der vierte Teil befasst sich mit dem Nachweis und der Visualisierung des Batai-Virus 

im ZNS eines Seehundes mit Meningoenzephalomyelitis unter Verwendung von 

Virusisolation, NGS und FISH. Virale Nukleinsäuren wurden in verschiedenen ZNS-

Arealen, wie dem Großhirn, dem Kleinhirn und dem Rückenmark nachgewiesen. 

Außerdem wurde Batai-Virus in der Tunica mucosa des Dünndarms und in kortikalen 

und medullären Lymphozyten des Lungenlymphknotens beobachtet. Eine RT-PCR 

bestätigte die Ergebnisse, da die höchste Viruslast im ZNS, gefolgt vom Darm 

gefunden wurde. Eine ISH am ZNS 8 weiterer Seehunde mit ähnlichen 

histopathologischen Veränderungen verlief mit negativem Ergebnis. Allerdings zeigte 

ein anderer Seehund desselben Zoos, der 2 Monate zuvor an akutem 

Nierenversagen verstarb, ein positives Batai-Virus spezifisches Signal in den 

Glomerula und den renalen Tubulusepithelzellen, in der Tunica mucosa des 

Dünndarms und in kortikalen und medullären Lymphozyten des 
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Lungenlymphknotens. Zusammengefasst stellt der vorliegende Fall die erste 

beschriebene Batai-Virus assoziierte ZNS-Erkrankung eines natürlich infizierten 

Säugetieres und den ersten dokumentierten Fall einer Batai-Virusinfektion eines 

marinen Säugers dar. Daher sollten Batai-Viren als neurotrope Viren bei Seehunden 

in Betracht gezogen werden. 

Der fünfte Teil beschreibt den Nachweis von APPV in mehreren Organen von 

Ferkeln mit kongenitalem Tremor. Mittels Luxol-Fast-Blau-Färbung war eine 

geringgradig reduzierte Färbeintensität in der lateralen weißen Substanz des 

Rückenmarks bei 4 von 6 erkrankten Ferkeln zu beobachten, während die 

gleichaltrigen, klinisch unauffälligen Kontrolltiere eine reguläre Myelinisierung 

aufwiesen. Eine FISH zeigte, dass APPV im ZNS einen Tropismus für Neuronen der 

inneren Körnerzellschicht des Kleinhirns hat. Nichtsdestotrotz waren im Kleinhirn 

positiver Ferkel keine histomorphologischen Veränderungen zu beobachten. 

Allerdings wiesen die APPV-positiven Ferkel klinische Anzeichen von kongenitalem 

Tremor auf. Diese Beobachtung unterstreicht die Rolle von APPV bei der 

Entwicklung von kongenitalem Tremor. 

Im sechsten Teil der Arbeit wurde im Lebergewebe von Tinamus mit nekrotisierender 

Hepatitis ein aviäres Hepadnavirus nachgewiesen. Mittels FISH zeigten sich 

intraläsional virale Nukleinsäuren, sodass dem aviären Hepadnavirus eine Rolle bei 

der Entwicklung nekrotisierender Hepatitiden zugeschrieben werden sollte. Darüber 

hinaus wurden virale Nukleinsäuren in den Nieren und Hoden eines Tinamus 

nachgewiesen. Diese Beobachtung deutet auf eine Virämie hin. Obwohl eine Virämie 

für Hepadnaviren beschrieben ist, war das ZNS allerdings negativ für das aviäre 

Hepadnavirus. 

Der siebte Teil der Arbeit beschreibt die Untersuchung auf verschiedene Pathogene 

bei Füchsen, Steinmardern und Waschbären mit lymphohistiozytärer Enzephalitis. 

Trotz der Verwendung von Immunhistochemie für typische neurotrope Viren und 

NGS bleibt die Ursache der Veränderungen jedoch offen. Ob dies auf die 

Nachweisgrenze der verwandten Methoden oder auf sekundäre, Pathogen-

assoziierte Mechanismen, wie molekulares Mimikry oder epitope spreading 

zurückzuführen ist, sollte bedacht und in weiteren Studien untersucht werden.  
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Abschließend lässt sich sagen, dass die zum Nachweis einiger neuartiger Viren 

angewandten Ergebnisse der Vergleichsstudie verschiedener ISH Techniken die 

Wichtigkeit der Methode unterstreicht. 
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3 General Introduction 

3.1 Aims of the study 

High throughput methods like next generation sequencing (NGS) have provoked a 

period of virus discovery. Rapid achievements of information upon the pathogenicity 

of novel detected viruses are often limited by time-consuming experiments for the 

fulfilment of Koch´s postulates (Fredricks and Relman, 1996, Prescott et al., 2017). In 

situ hybridization (ISH) represents an established technique for the visualization of 

nucleic acids in histological and cytological preparations as well as whole organisms 

and possesses a broad field of application (Cassidy and Jones, 2014). One area of 

application that comes more and more in the focus of interest is the detection of 

novel viruses and their visualization and analysis of the distribution pattern as well as 

their cell tropism (Hahn et al., 2013, Bodewes et al., 2014). Although ISH is not able 

to replace experiments essential for the fulfilment of Koch´s postulates, the detection 

of viral nucleic acids in situ adjacent to or in detected lesions helps to provide a rapid 

hint of the probable significance of newly discovered viruses (Bodewes et al., 2014, 

Hahn et al., 2013). 

Thus, a detailed understanding of the different techniques of ISH that have been 

developed and refined over the last decades, including their beneficial aspects for the 

detection of different viruses in varying tissues, represents a prerequisite for the 

efficient use of this technique. 

The aims of the present study are (i) to compare different virus detection methods for 

RNA and DNA viruses in varying tissues using chromogenic in situ hybridization 

(CISH) and commercially produced digoxigenin (DIG)-labeled DNA-probes as well as 

self-designed DIG-labeled RNA-probes using the pCR4-TOPO vector and 

fluorescence in situ hybridization (FISH) using a commercially available RNA probe 

mix and (ii) the use of PCR and in situ hybridization methods for detection and 

visualization of the distribution pattern of nucleic acids of newly discovered viruses, 

re-emerging pathogens or known viruses with new distribution patterns using a virus 

discovery pipeline. 
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3.2 In situ hybridization – from past to future 

ISH represents an important tool for the visualization of nucleic acids in histological 

sections, cytological preparations and whole organisms (Cassidy and Jones, 2014). 

ISH was first described in 1969 with tritium-labeled RNA to visualize the hybridization 

of ribosomal RNA to the amplified ribosomal genes in oocytes of the toad Xenopus 

by autoradiography (Gall and Pardue, 1969). First detection methods were 

characterized by radioactive probes. Several refinements were carried out in the past 

decades to achieve a higher sensitivity, practicability and safety (Cassidy and Jones, 

2014). Furthermore, the development of CISH and FISH enables the visualization of 

different targets by using several probes in different colors simultaneously. This leads 

to a more precise signal and is accompanied by a faster procedure (Yoshida, 1992, 

Gall, 2016). Nevertheless, the main ISH procedures consist always of similar steps. 

These include deparaffinization for formalin-fixed paraffin embedded (FFPE) tissue 

sections, proteolysis with proteinases, hybridization to specific probes and 

visualization (Cassidy and Jones, 2014). Sense and anti-sense RNA as well as DNA 

probes can be used for ISH, mainly depending on the pathogen examined (Jacobsen 

et al., 2009, Bodewes et al., 2014). Furthermore, the use of sense and anti-sense 

probes enables to differentiate between pathogens´ genomic and mRNA (Schaudien 

et al., 2010).  

 

3.2.1 Radioactive in situ hybridization 

The use of radiolabeled sense and anti-sense RNA probes for radioactive ISH 

represents a sensitive technique, which can additionally yield semi-quantitative 

measurements of mRNA amounts that can be detected by autoradiography and 

subsequent densitometric analysis as there is a linear relationship between 

hybridization signal and mRNA amount (Cassidy and Jones, 2014, Carter et al., 

2010). Probes are usually synthesized by cloning the target gene into a plasmid, 

followed by purification of the DNA template by restriction digestion, and in vitro 

transcription in the presence of a radioactive labeled uridine triphosphate (UTP). The 
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probes used for radioactive ISH are labeled with radioactive substances. Common 

used isotopes to radiolabel the nucleotide are sulfur 35S, phosphorus 32P and tritium 

3H (Cassidy and Jones, 2014, Gall and Pardue, 1969). ISH with phosphorus labeled 

probes is characterized by a high sensitivity and comparable low exposure times of 

several days and unprecise signal localizations (Cassidy and Jones, 2014, Carter et 

al., 2010, Cox et al., 1984). In contrast, ISH with tritium labeled probes shows a high 

resolution of particles, but increased exposure times of weeks to months (Cassidy 

and Jones, 2014, Carter et al., 2010). Thus, ISH using sulfur isotope labeled probes 

is a commonly used compromise combining a moderate sensitivity, resolution and 

exposure time of 1 to 2 weeks (Cassidy and Jones, 2014, Carter et al., 2010).  

In general, ISH procedures using radioactive, chromogenic or fluorescent probes 

include similar treatment steps including an overnight hybridization and washing 

steps to remove non-hybridized probes (Cassidy and Jones, 2014, Freeman and 

Wiley, 1989). The visualization of the signal is procedure-dependent. Detection of 

radioactivity uses a photographic emulsion which coats the slides (Cassidy and 

Jones, 2014, Carter et al., 2010, Cox et al., 1984). At places of radioactive decay due 

to hybridization of the probe to its target, the emulsion forms particles of metallic 

silver that are best visualized using dark field microscopy (Cassidy and Jones, 2014). 

There are several disadvantages of radioactive ISH, e. g. time-consuming exposure 

and cumbersome handling and procedure by the application of radioactive 

substances, making the use of non-radioactive probes more and more attractive 

(Cassidy and Jones, 2014). 

 

3.2.2 Chromogenic in situ hybridization (CISH) 

CISH is characterized by the use of chromogens, instead of isotopes. It reveals best 

results with indirect labeling (Lambros et al., 2007) and includes biotin- or 

digoxigenin-labeled probes which are detected via a chromogenic reaction using 

avidin or antibodies, conjugated with enzymes like peroxidase or alkaline 

phosphatase (Lambros et al., 2007, Yoshida, 1992). A major disadvantage of the 
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biotin method is the decreased sensitivity compared to radiolabeled and digoxigenin-

labeled probes, especially on FFPE tissue (Brown, 1998). 

Thus, one of the most common procedures for CISH includes the use of digoxigenin-

labeled probes which are detectable by an anti-digoxigenin antibody, linked to an 

enzyme, mainly alkaline phosphatase. In contrast to biotin-labeled probes, this 

technique can be used for FFPE material and shows a higher sensitivity which is 

similar to the sensitivity achieved by the use of radiolabeled probes (Brown, 1998). 

Alkaline phosphatase is able to catalyze a reaction of nitro blue tetrazolium chloride 

(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (x-phosphate) to a purple 

precipitate on the slide. Light microscopy is used for evaluation of the signal [(Gröters 

et al., 2005); Fig. 1]. Probes for CISH can be synthesized by cloning of target DNA 

into a plasmid vector followed by isolation of the DNA template, amplification of target 

sequences by PCR, digoxigenin-labeling and in vitro transcription using a T3 and T7 

RNA polymerase for the generation of sense and anti-sense RNA probes, 

respectively (Gröters et al., 2005, Bodewes et al., 2014, Hahn et al., 2013).  
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Figure 1: Chromogenic in situ hybridization (CISH) with digoxigenin (DIG)-labeled probes: 
Hybridization of digoxigenin-labeled probes to target, for example, viral RNA, enables an anti-
digoxigenin antibody to bind. The antibody is labeled by an enzyme, often alkaline phosphatase. In 
case of binding, this enzyme catalyzes the reaction of the substrates NBT and x-phosphate to a purple 
precipitate on the slide that can be evaluated by light microscopy. 
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3.2.3 Fluorescence in situ hybridization (FISH) 

The procedure of FISH is very similar to the procedure of CISH by using fluorophores 

instead of chromogens. In addition, besides an indirect labeling, mainly used for 

CISH, FISH often includes direct labeling which is characterized by the use of 

fluorophore-labeled probes. Frequently used fluorophores are fluorescein 

isothiocyanate (FITC) and tetramethylrhodamine-isothiocyanate (TRITC; (Yoshida, 

1992). Furthermore, ISH using fluorescent dyes enables analysis by confocal laser 

microscopy. This allows a detailed 3-D evaluation of hybridization signals compared 

to the surface-based detection of radioactive and chromogenic ISH (Carter et al., 

2010). 

In the last decades, the feasibility of this method was again improved by the 

generation of branched DNA amplification steps to amplify signals for the detection of 

low abundance targets like viral DNA and RNA (Cassidy and Jones, 2014). This 

technology is commercially available in FISH kits of Advanced Cell Diagnostics 

(RNAScope; Newark, USA) and Thermo Fisher Scientific [(QuantiGene ViewRNA; 

Thermo Fisher Scientific, Darmstadt, Germany; (Cassidy and Jones, 2014, Wang et 

al., 2012)].  

These methodological approaches include similar procedure steps by applying an 

RNA probe mix consisting of about 20 oligonucleotide pairs of up to 40 nucleotides, 

each, which target small neighboring sequences of the whole target sequence 

(Cassidy and Jones, 2014). The binding of two probes in direct contact enables the 

following amplification steps to increase the signal. The system, manufactured by 

Thermo Fisher Scientific is highlighted in figure 2. The target RNA sequence is 

identified by a mix of about 20 pairs of Z-linked synthetic probes of up to 40 

nucleotides. These target-specific Z-linked probes consist of a lower region that is 

complementary to the target and an upper region that binds the branched DNA signal 

amplification structure (Cassidy and Jones, 2014). Pre-amplifier, amplifier and label 

probes bind in the same manner in a tree-like structure as amplification steps. 

Additionally, these steps reduce non-specific binding and reduce background 

staining. Alkaline phosphatase (AP)-linked label probes bind to the amplifier 

sequence and catalyze the reaction of Fast Red to a pink precipitate following an AP 
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enhancer step. Fast Red combines the utmost advantages of a fluorophore and a 

chromogen in one agent which facilitates the evaluation of detected sequences that 

can be performed by light as well as fluorescence microscopy (Thermo Fisher 

Scientific, Darmstadt, Germany). 

  



3 General introduction 

 
 

17 

 

 

Figure 2: Fluorescent in situ hybridization (FISH) model manufactured by Thermo Fisher Scientific: (1) 
First picture displays the naked viral RNA which can be detected by FISH. (2) Attachment of 2 Z-linked 
corresponding synthetic probes covering adjacent regions, (3) enables the pre-amplifier to bind to the 
upper region of the probe. (4) Amplifier probes are able to bind to the pre-amplifier in the same 
manner building a tree-like structure. (5) The substitution of alkaline phosphatase-linked label probes 
which bind to the sequence of the amplifier probes (6) enables the reaction of Fast Red to a 
detectable signal. 
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3.3 In situ hybridization and virus discovery 

The frequent use of high-throughput methods like NGS is accompanied by the 

detection of a large number of sequences of potential pathogens. The capacity to 

investigate a potential cause-effect relationship of detected sequences and observed 

lesions in situ has strengthened the role of ISH in this field (Hahn et al., 2013, 

Bodewes et al., 2014, Pfaender et al., 2015).  

ISH can be used as a preselection tool for potentially pathogenic infectious agents 

(Hahn et al., 2013, Bodewes et al., 2014, Pfaender et al., 2015), before Koch´s 

postulates are finally fulfilled. Furthermore, the fulfillment is often time- and cost-

consuming and can be affected by various factors including lack of isolation of 

infectious virus and/or attenuation of viruses in cell culture systems (Prescott et al., 

2017). The latter and lack of virulence has been described for various viruses, 

including canine distemper virus (Hamburger et al., 1991) and Hantavirus (Prescott 

et al., 2017). This influence has to be taken into account in the development of 

animal models, as this adaptation of viruses can result in an altered viral phenotype 

in vivo (Fredricks and Relman, 1996, Prescott et al., 2017).  

Several refinements have been conducted on ISH methods, like the use of branched 

DNA amplification steps to increase the signal of low abundance targets (Cassidy 

and Jones, 2014). These are very helpful in the field of virus discovery, as low viral 

loads often interfere with the in situ visualization of the target. Furthermore, 

occasionally, a discrepancy between PCR results and ISH results can be observed 

(Hahn et al., 2013). This can be caused by the different distribution pattern of viruses 

within the tissue. A cell with a high viral load can be positive in ISH whereas PCR 

reveals a negative result due to dilution factors. In contrast, several cells with scant 

viral loads may result in a positive PCR reaction and lack of in situ response due to 

lower sensitivity of the applied method (Hahn et al., 2013, Biesaga et al., 2012). The 

development of amplification steps in the procedure of ISH has therefore increased 

sensitivity and facilitated detection. Radioactive ISH for example is limited to a 

detection limit of 5-75 molecules per cell (Brown, 1998, Cox et al., 1984), whereas 

branched DNA systems increase the signal by up to 8000 fluorophore or enzyme 
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conjugated detection-oligonucleotides per target molecule (Cassidy and Jones, 

2014). 

The use of ISH in virus discovery has several benefits compared to other detection 

methods (Freeman and Wiley, 1989) including the in situ visualization of nucleic 

acids for a correlation of virus and lesion which is the major advantage of ISH 

compared to PCR (Cao et al., 2017, Biesaga et al., 2012). ISH combines virus 

detection with the visualization of its distribution pattern in different organs in one 

method (Cao et al., 2017, Han et al., 2012). This visualization is also possible using 

immunohistochemistry, which can furthermore substantiate the ISH result at the 

protein level. A disadvantage of immunohistochemistry in virus discovery is the costly 

antibody production, compared to probe production for ISH, which gets more and 

more facilitated by an increasing availability of probes and sequence databases (Han 

et al., 2012). 
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Abstract 

In situ hybridization (ISH) is frequently used to determine a potential correlation of 

viral nucleic acids to histologically detected lesions, especially in the field of virus 

discovery. Aims of the present study are the comparison of different in situ 

hybridization techniques for the detection of different RNA and DNA viruses in 

various tissues. Tested RNA viruses include atypical porcine pestivirus (APPV) in the 

central nervous system of pigs, equine hepacivirus in the liver of horses (EqHV), 

bovine hepacivirus in the liver of cattle (BovHepV), Middle East respiratory syndrome 

coronavirus (MERS-CoV) in the nose of camels and Schmallenberg virus (SBV) in 

the cerebrum of goats. Examined DNA viruses comprise canine bocavirus 2 (CBoV-

2) in the intestine of dogs, porcine bocavirus (PBoV) in the cervical spinal cord of pigs 

and porcine circovirus type 2 (PCV-2) in cerebrum, lymphoid tissue and lung of pigs, 

the latter as an example for a multisystemic disease. ISH with self-designed 

digoxigenin-labeled RNA probes revealed a positive signal in cases of MERS-CoV, 

SBV, CBoV-2 and PCV-2, whereas a positive reaction was lacking for APPV, 

BovHepV, EqHV and PBoV, which represents a detection rate of 50%. A 

commercially produced digoxigenin-labeled RNA probe also failed to detect EqHV in 

a horse. Furthermore, a PBoV positive pig lacked a positive signal using a 

commercially produced digoxigenin-labeled DNA probe. However, commercially 

produced digoxigenin-labeled DNA probes detected 2 of 3 tested viruses and 

revealed a positive signal for CBoV-2 and PCV-2. ISH with a commercially available 

RNA probe mix identified virus-specific nucleic acids in all examined cases and 

tissues, besides the decalcified nose of a MERS-CoV positive camel resulting in a 

detection rate of 87.5%. Major drawbacks of the commercially available ISH system 

are the high material costs and order times, whereas the detection rate of the method 

was highest for the detection of viral nucleic acids compared to the results using 

other probes and protocols in the present study. 

 

Chromogenic in situ hybridization, fluorescent in situ hybridization, virus discovery, 

digoxigenin, fast red, RNA virus, DNA virus 
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Introduction 

In situ hybridization (ISH) represents a useful tool for the in situ visualization of 

nucleic acids within cytological preparations, histological sections as well as whole 

organisms (Cassidy and Jones, 2014). To visualize the hybridization of ribosomal 

RNA to the amplified ribosomal genes in oocytes of the toad Xenopus by 

autoradiography, ISH was first described in 1969 with tritium-labeled RNA (Gall and 

Pardue, 1969). In the following years, several refinements were carried out, which 

lead to the development of chromogenic and fluorescent in situ hybridization 

procedures accompanied by a higher detection rate, practicability and safety 

(Yoshida, 1992; Lambros et al., 2007). ISH is frequently used in several different 

scientific fields, including virus discovery (Hahn et al., 2013; Bodewes et al., 2014; 

Pfaender et al., 2015; Pfankuche et al., 2016; Postel et al., 2016). The development 

of high-throughput methods, like next generation sequencing, has provoked the 

detection of new viruses and ISH is a very useful tool to check for potential 

association of virus and detected lesions (Hahn et al., 2013; Bodewes et al., 2014; 

Pfaender et al., 2015; Pfankuche et al., 2016; Postel et al., 2016). The fulfillment of 

Koch’s postulates becomes more and more complicated due to the enormous 

number of newly detected viruses. Furthermore, not all viral agents can be isolated to 

perform such studies (Fredricks and Relman, 1996; Byrd and Segre, 2016; Prescott 

et al., 2017). Thus, ISH represents a helpful technique to preselect potentially 

pathogenic viruses by the visualization of viral nucleic acids in detected lesions, 

before fulfilling of Koch´s postulates is achieved (Fredricks and Relman, 1996). In 

general, ISH protocols are mainly characterized by similar steps (Zurbriggen et al., 

1993; Gaedke et al., 1997; Gröters et al., 2005; Hahn et al., 2013; Pfankuche et al., 

2016; Postel et al., 2016). For formalin-fixed paraffin embedded (FFPE) tissue 

sections, these steps include deparaffinization, proteolytic digestion, hybridization to 

the specific probe and visualization via enzyme and substrate (Zurbriggen et al., 

1993; Gaedke et al., 1997; Gröters et al., 2005; Hahn et al., 2013; Pfankuche et al., 

2016; Postel et al., 2016). Furthermore, depending on the investigated virus, the use 

of sense and anti-sense ISH probes may enable the differentiation between genome 

and mRNA to give evidence of potential virus replication and transcription (Schaudien 

et al., 2010). 
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In the current study, the detection of 8 different viruses was investigated using 

different ISH techniques, chromogenic and fluorescent ISH (CISH and FISH). The 

investigated RNA viruses include atypical porcine pestivirus (APPV) in the 

cerebellum of pigs, equine hepacivirus in the liver of horses (EqHV), bovine 

hepacivirus (BovHepV) in the liver of cattle, Middle East respiratory syndrome 

coronavirus (MERS-CoV) in the nose of camels and Schmallenberg virus (SBV) in 

the cerebrum of goats.  

APPV was first described in 2015 in the USA in apparently healthy domestic pigs 

(Hause et al., 2015), but its association to the development of congenital tremor type 

AII in piglets was demonstrated in animal experiments and through detection of 

APPV genomes in cerebellum and other organs of diseased young piglets by qRT-

PCR and FISH (Arruda et al., 2016; Postel et al., 2016). EqHV was detected in 2011 

as a hepatitis C virus-like virus in dogs, named canine hepacivirus (Kapoor et al., 

2011). Further studies pointed on horses as the natural reservoir for EqHV (Pfaender 

et al., 2015). The close relationship to hepatitis C virus (HCV) brings horses into 

discussion as a useful large animal model with EqHV possessing a strong liver 

tropism with viral replication in hepatocytes (Pfaender et al., 2015; Pfaender et al., 

2017). BovHepV was detected as a novel species within the genus Hepacivirus using 

unbiased high-throughput sequencing of bovine serum samples and is suggested to 

have a liver tropism comparable to EqHV in horses. Thus, it is also discussed as a 

potential candidate for the establishment of a large animal model for hepatitis C virus 

infections in humans, although lacking liver damage in cattle (Baechlein et al., 2015). 

In 2012, MERS-CoV was isolated from a human patient who died due to acute 

pneumonia and renal failure in Saudi-Arabia. There is evidence of a transmission 

route from camels as a reservoir host to humans (Reusken et al., 2013; Alagaili et al., 

2014; Hemida et al., 2014; Memish et al., 2014; Müller et al., 2014; Haagmans et al., 

2016). SBV emerged as a new arthropod-borne Orthobunyavirus in 2011 responsible 

for outbreaks of congenital musculoskeletal and central nervous system 

malformations, abortions and stillbirths in ruminants following infection of susceptible 

pregnant animals (Garigliany et al., 2012; Hahn et al., 2013; Varela et al., 2013; 

Gerhauser et al., 2014). Symptoms in adult cattle were mild and characterized by 

reduced milk production, pyrexia and diarrhea (Garigliany et al., 2012; Hahn et al., 

2013; Varela et al., 2013). SBV rapidly spread to several European countries 
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resulting in substantial economic losses (Garigliany et al., 2012; Hahn et al., 2013; 

Varela et al., 2013).  

The investigated DNA viruses include canine bocavirus 2 (CBoV-2) within the 

intestine of dogs, porcine bocavirus (PBoV) in the cervical spinal cord of pigs and 

porcine circovirus type 2 (PCV-2) within cerebrum, pulmonary lymph node and lung 

of pigs. CBoV is closely related to carnivore bocaparvovirus 1, formerly known as 

minute virus of canine (MCV), which causes disease outbreaks in neonatal dogs and 

fetal deaths (Pollock, 1982; Carmichael et al., 1991; Harrison et al., 1992; Decaro et 

al., 2012). Carnivore bocaparvovirus 2 was isolated from healthy dogs, dogs with 

respiratory disorders and from fecal samples of stray dogs (Kapoor et al., 2012; Lau 

et al., 2012). Recently, a novel canine bocavirus strain of the CBoV-2 genetic group 

was identified within intestine and lymphoid tissue of dogs suffering from parvovirus-

like lesions including enteritis and lymphoid depletion (Bodewes et al., 2014). PBoV 

was first described as porcine boca-like virus in pigs in 2009 after isolation from 

lymph nodes of Swedish pigs suffering from post-weaning multisystemic wasting 

syndrome (Blomström et al., 2009). In the following years, several further PBoV 

strains have been isolated from pigs worldwide as a potential emerging pathogen, 

especially for respiratory and intestinal diseases, comparable to CBoV, often in 

combination with further pathogens (Cadar et al., 2011; McKillen et al., 2011; Zhang 

et al., 2011; Zhou et al., 2014). PBoV has recently been reported in the cervical 

spinal cord of a pig suffering from encephalomyelitis (Pfankuche et al., 2016). PCV-2 

was first described in 1998 as a highly prevalent pathogen in the domestic pig 

population and is currently known to be involved in several diseases and syndromes 

including postweaning multisystemic wasting syndrome, porcine dermatitis and 

nephropathy syndrome, enteric diseases, respiratory disorders, reproductive failure 

as well as neurovascular lesions (Seeliger et al., 2007; Opriessnig and Langohr, 

2013).  

The development of standardized protocols for ISH is complicated by the high 

diversity and variability of viruses as demonstrated by their specific cell tropism, 

replication strategies and genome. The aim of the present study was to compare 

different ISH probes and corresponding protocols regarding detection rate and 

positive cell-associated areas per total tissue region, duration of procedure and costs 

for the detection of different viruses in different tissues. Furthermore, ISH methods 
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and protocols with a high effectivity that are also time and cost saving are highly 

appreciated. 

Three different ISH techniques were used for the comparison of DNA viruses. These 

are (1) CISH with self-designed digoxigenin (DIG)-labeled RNA probes varying in 

size between 65 and 155 nucleotides using the pCR4-TOPO vector and visualization 

via an alkaline phosphatase-labeled anti-DIG-antibody and nitro blue tetrazolium 

chloride and 5-bromo-4-chloro-3-indolyl phosphate as substrates and (2) use of 

commercially produced DNA probes of up to 50 nucleotides using the same detection 

method as described before. The third approach uses the ViewRNA™ ISH Tissue 

Assay Kit (1-plex) and ViewRNA Chromogenic Signal Amplification Kit that deals with 

an RNA probe mix, several amplification steps and Fast Red as a substrate that can 

be visualized via light as well as fluorescence microscopy (FISH). In case of RNA 

viruses the detection efficacy was evaluated using self-designed RNA probes and 

RNA probe mixes. For the detection of EqHV, additionally a commercially produced 

RNA probe of 50 nucleotides was tested to check whether there is a difference 

between self-designed or commercially produced RNA probes.  

 

Material and Methods 

Tissues and viruses 

For the present study, 2-3µm thick sections of formalin-fixed paraffin embedded 

(FFPE) tissue samples of animals infected with different RNA and DNA viruses, 

where infections have been proven by PCR, before, were used. Corresponding 

tissues of non-infected animals of the same species served as negative controls. 

Samples were available from the Department of Pathology of the University of 

Veterinary Medicine Hannover, Germany. To test the efficacy of different ISH 

techniques for RNA viruses, cerebellum of an APPV-positive and an APPV-negative 

pig (Postel et al., 2016) were used. Furthermore, liver samples from EqHV and 

BovHepV positive and negative horses and cows, respectively were analyzed 

(Baechlein et al., 2015; Pfaender et al., 2015). Furthermore, the 

ethylenediaminetetraacetic acid (EDTA) decalcified nose of a camel infected with 

MERS-CoV (Haagmans et al., 2016) and a MERS-CoV negative camel and 

cerebrum of a goat infected with SBV (Gerhauser et al., 2014) and a non-infected 

caprine control cerebrum served as samples. For comparison of the detection of DNA 
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viruses, small intestine of dogs, one infected with CBoV-2 (Bodewes et al., 2014) and 

one non-infected, cervical spinal cord of a pig infected with PBoV and of a pig non-

infected with PBoV (Pfankuche et al., 2016) were used. For PCV-2, as a 

multisystemic disease, virus detection using different ISH techniques was performed 

in different tissues to investigate a potential tissue dependent influence on the ISH 

result. Thus, cerebrum, lung and pulmonary lymph node of pigs suffering from PCV-2 

infection (Seeliger et al., 2007) and from non-infected controls were screened for 

PCV-2 specific signals (Table 1). 

 

Probe synthesis for CISH 

The synthesis of digoxigenin-labeled RNA probes was performed as previously 

described with minor variations (Gröters et al., 2005; Hahn et al., 2013; Bodewes et 

al., 2014). Briefly, pEX A2 plasmids with a virus sequence of BovHepV, MERS-CoV, 

EqHV, PBoV and PCV-2, respectively and an ampicillin resistance were ordered 

(Eurofins Genomics GmbH, Ebersberg, Germany). Following amplification of the 

virus-specific sequence using specific primers (Supplementary Table 1; Eurofins 

Genomics GmbH), gel electrophoresis of PCR amplicons and DNA isolation of gel 

products (NucleoSpin® Gel and PCR Clean-up, MACHEREY-NAGEL GmbH & Co. 

KG, Düren, Germany), DNA was cloned into the plasmid vector pCR4-TOPO (TOPO 

TA Cloning Kit for Sequencing, Invitrogen, Karlsruhe, Germany). Afterwards, the 

vector was transformed in competent E. coli (One Shot® TOP10 Chemically 

Competent E. coli; Thermo Fisher Scientific, Darmstadt, Germany). Plasmid DNA 

was subsequently isolated using the NucleoBond® Xtra Midi Kit (MACHEREY-

NAGEL GmbH & Co. KG) and sequenced (Seqlab, Göttingen, Germany). Virus-

specific primers (Supplementary Table 1) were used in combination with primers 

complementary to the M13 forward and reverse priming sites of the pCR4-TOPO 

vector, respectively, to generate templates by PCR, containing the T3- and T7-RNA 

polymerase binding sites as well as the virus specific fragment. The PCR products 

were purified (NucleoSpin® Gel and PCR Clean-up, MACHEREY-NAGEL GmbH & 

Co. KG), digoxigenin-labeled and transcribed in vitro using a T3 and T7 RNA 

polymerase (Roche Diagnostics, Mannheim, Germany), respectively, for the 

generation of sense and anti-sense RNA probes. The anti-sense probe is defined as 

the probe which detects viral mRNA. Following ethanol precipitation and 



4 Comparison of different in situ hybridization techniques for the detection of different RNA and DNA 

viruses 

 

 

28 

 

resuspension in 50µl diethyl pyrocarbonate (DEPC) treated H2O, RNA concentration 

was determined and probes were stored at -80°C. CBoV-2 and SBV probes were 

available at the Department and chosen according to the literature (Hahn et al., 2013; 

Bodewes et al., 2014), as well as the RNA probe for APPV (unpublished data).  

For comparison, commercially produced digoxigenin-labeled DNA probes with a 

length of up to 50 nucleotides were ordered for DNA viruses (Eurofins Genomics 

GmbH, Ebersberg, Germany). An overview of the produced probes is presented in 

Supplementary Table 1. Sense and anti-sense DNA probes of 50 nucleotides were 

ordered for the detection of CBoV-2 and PBoV and of 41 nucleotides for PCV-2 

according to the literature (Jacobsen et al., 2009); Eurofins Genomics GmbH) as well 

as sense and anti-sense RNA probes of 50 nucleotides for the detection of EqHV 

(Eurofins Genomics GmbH). 

FISH was conducted using a commercially available probe (ViewRNA TYPE 1 Probe 

Sets; Thermo Fisher Scientific) and buffer system [ViewRNA™ ISH Tissue Assay Kit 

(1-plex) and ViewRNA Chromogenic Signal Amplification Kit; Thermo Fisher 

Scientific] that deals with branched DNA amplification steps and an RNA probe mix. 

This consists of different Z-linked probes that can hybridize to the target sequence. 

Hybridization of the lower region of two single probes that are built of up to 40 

nucleotides in adjacent regions of the target allows the amplification DNA probes to 

bind to the upper region of the Z-linked probe, resulting in a tree-like structure that 

increases the signal per molecule (Cassidy and Jones, 2014). An overview of target 

regions covered by the RNA probe mix is presented in Supplementary Table 1. All 

probes tested for the detection of the different viruses were covering the same 

regions of the viral genes, respectively 

 

In situ hybridization 

ISH using self-designed RNA probes [Figure 1(A)] and commercially produced DNA 

[Fig. 1(B)] and RNA probes was performed using the same protocol with minor 

variations as described (Zurbriggen et al., 1993; Gaedke et al., 1997; Gröters et al., 

2005). Briefly, tissue sections were deparaffinized using Roti®-Histol (Carl Roth 

GmbH + Co. KG, Karlsruhe, Germany) and hydrated in graded ethanol. Following 

washing steps in DEPC-treated water, tissue sections were proteolytically digested 

using 1µg/ml Proteinase K (Roche Diagnostics), postfixated, acetylated, 
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prehybridized and hybridized over night at 52°C in a moist chamber with a probe 

concentration of 1000 ng/ml, except for the DNA probes for PCV-2 (100ng/µl), the 

RNA probes for SBV (1706ng/µl) and RNA and DNA probes for CBoV-2 (500ng/µl). 

In case of DNA viruses, a DNA denaturation step at 99°C was additionally performed 

for 10 minutes. The DIG-labeled probes were detected with an alkaline phosphatase 

(AP)-labeled anti-DIG-antibody (1:200; Roche Diagnostics) and addition of nitro blue 

tetrazolium chloride (NBT; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and 

5-bromo-4-chloro-3-indolyl phosphate (BCIP, X-Phosphate; Sigma-Aldrich Chemie 

GmbH) as substrates. Positive signals were seen as purple precipitates within the 

tissues. ISH with the commercially available kit was performed according to the 

manufacturer´s recommendations with minor variations as formerly described [Figure 

1(C); (Pfaender et al., 2015; Pfankuche et al., 2016; Postel et al., 2016)]. In brief, 

FFPE tissue was deparaffinized, boiled for 20 minutes in pretreatment solution (10 

minutes for lymphoid organs), proteolytically digested with protease QF® for 10 

minutes, fixed with 4% paraformaldehyde and hybridized with virus-specific probes 

for 6 hours at 40°C. Following amplification steps with pre-amplifier, amplifier and 

AP-linked label probe, AP enhancement was performed. Slides were stained with 

Fast Red, counterstained using Mayer´s hemalaun (Carl Roth GmbH + Co. KG) and 

afterwards evaluated by fluorescence and light microscopy (Olympus IX70-S8F2, 

Olympus BX51, Olympus Life Science Europe GmbH, Hamburg, Germany). Non-

probe incubations and virus negative animals served as negative controls for all 

tested protocols. 

For time-saving aspects, methodological establishment should be avoided in cases of 

virus discovery. Thus, our standard in house ISH protocol was used for self-designed 

and commercially produced probes, several of them already established for detection 

of some of the aforementioned viruses (Zurbriggen et al., 1993; Gaedke et al., 1997; 

Hahn et al., 2013; Bodewes et al., 2014). For the RNA probe mix we used the 

manufacturer’s protocol with minor, previously established, variations as formerly 

described (Pfankuche et al., 2016; Postel et al., 2016). 

Slide, cost and time evaluation 

Total tissue area of sections was screened for positive signals following ISH targeting 

the different viruses using a fluorescence microscope (Keyence, BZ-9000; Keyence 

Deutschland GmbH, Neu-Isenburg, Germany). For prediction of detection rate in 



4 Comparison of different in situ hybridization techniques for the detection of different RNA and DNA 

viruses 

 

 

30 

 

diagnostic approaches, tissues were treated with the different probes and screened 

for a positive signal. The detection rate was assessed for each technique for the 

groups RNA viruses, DNA viruses and viruses in total. Animals with a positive PCR 

result were assumed to be infected. As negative controls tissue of the same origin of 

non-infected animals of the same species as well as non-probe incubations were 

used. Detection rate of the different methods was calculated using Fisher’s exact test 

in GraphPad Prism (GraphPad Software, Inc., San Diego, USA). Furthermore, the 

percentages of the cell-associated virus positive areas were determined by 

measuring the total as well as the cell-associated virus positive region in organs 

treated with different probes. ImageJ (open source image processing program; 

https://imagej.nih.gov/ij/download.html) was used for pixel measurements of total 

tissue areas and positive, cell-associated regions.  

Material costs per slide using the different methods were calculated for the in house 

protocols and materials used. Duration of method was calculated in three different 

ways: (1) the estimated pure working time in hours which does not include incubation 

or ordering times; (2) the estimated hours for the whole procedure including 

incubation but not ordering times and (3) the days needed from ordering the probes 

or plasmids until the first ISH is finished (Table 2). Costs as well as time were 

calculated for the in house protocols.  

 

Results 

In total, eight different viruses were screened with different ISH techniques (Table 2). 

For the 5 RNA viruses, self-designed RNA probes and the RNA probe mix were 

tested and in case of EqHV also a commercially produced RNA probe was included.  

For APPV, the RNA probe mix showed a diffuse positive signal within the inner 

granular cell layer of the cerebellum (Postel et al., 2016) measuring 7.77% of total 

cerebellar tissue. The self-designed RNA probes (sense and anti-sense) failed to 

detect the virus.  

For BovHepV, a diffuse weak signal was observed in hepatocytes with the RNA 

probe mix [15.25%; Figure 2(A)], whereas there was no signal using the self-

designed RNA probes (sense and anti-sense).  

The self-designed RNA probes (sense and anti-sense) as well as the commercially 

produced RNA probes failed to show EqHV in situ [Figure 3(A)-(D)], whereas the 
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signal detected in the liver using the RNA probe mix was diffusely distributed within 

hepatocytes (Pfaender et al., 2015) and revealed a positive area of 9.69% [Figure 

3(E)]. 

For MERS-CoV the self-designed RNA probe displayed a weak signal within the 

olfactory epithelial cells, especially in the brush border, which is comparable to the 

results formerly reported using ISH with a branched DNA amplification system 

(Haagmans et al., 2016). The signal was stronger using the anti-sense probe 

(1.61%), compared to the sense probe (0.93%). The RNA-probe mix failed to detect 

the virus [Figure 2(B)]. 

The self-designed sense and anti-sense RNA probe for SBV showed a strong 

positive signal in scattered neurons of the cerebrum of the infected goat [0.20% using 

the sense and 0.32% using the anti-sense probe; (Gerhauser et al., 2014)]. Results 

were very similar using the RNA-probe mix [0.20%; Figure 2(C)]. 

DNA viruses were tested to be detected by three different ISH methods, the self-

designed RNA probe, the commercially produced DNA probe and the RNA probe 

mix. For CBoV-2, several enterocytes as well as the submucosal lymphoid tissue 

revealed a strong positivity using the RNA-probe mix as well as the self-designed 

RNA probe (sense and anti-sense; stronger with the sense) and the commercially 

produced DNA probe (sense and anti-sense) in the tested animal [Figure 3(F)-(J); 

(Bodewes et al., 2014)]. The positive area within the intestine using the self-designed 

probe was 1.17% using the sense and 0.38% using the anti-sense probe. The 

ordered probes showed a positive area of 0.79% using the sense and 0.77% using 

the anti-sense probe. The RNA probe mix revealed a positive area of 5.75%. 

In the PBoV-positive pig, single neurons of the cervical spinal cord were positive for 

PBoV using the RNA-probe mix [Figure 2(D)] resulting in a positive area of 0.10% 

(Pfankuche et al., 2016), whereas the self-designed RNA probe as well as the 

commercially produced DNA probe failed to detect the viral nucleic acids.  

All probes tested for the detection of PCV-2 were able to detect the viral nucleic acids 

within lung, pulmonary lymph node as well as in endothelial cells of cerebrum [Figure 

3(K)-(O); (Seeliger et al., 2007)] The anti-sense RNA probe showed a positive area of 

0.05% in the cerebrum compared to 0.03% with the sense probe. The positive area 

was higher (0.18%) using the RNA probe mix. The DNA probe showed a signal in 

0.04% using both probes, sense and anti-sense, respectively. Results were similar in 
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the different investigated organs. The anti-sense RNA probe revealed a signal in 

1.34% of the lung and 1.42% of the pulmonary lymph node, whereas the sense probe 

showed a signal in 0.63% of total lung and in 0.89% of total pulmonary lymph node 

tissue. 0.83% of the lung were positive using the anti-sense DNA probe and 0.31% 

using the sense DNA probe. Within the pulmonary lymph node, 6.95% were positive 

using the DNA anti-sense probe, compared to only 0.31% using the sense DNA 

probe. The RNA probe mix revealed the largest positive area with 10.74% in the 

pulmonary lymph node and 2.12% in the lung, respectively [Figure 2(E), 2(F)]. For all 

probes, no signal was present in the virus-negative animals and the non-probe 

incubations. 

In total, the detection rate of the self-designed RNA probes for the detection of RNA 

and DNA viruses was 50% as the probes were able to detect 4 out of 8 investigated 

viruses in all examined tissues. None of the negative animals revealed a false 

positive signal in any tested tissue. The detection rate of the self-designed probes 

was lower for the detection of the RNA viruses alone with 40% as there was a 

positive signal in 2 of 5 investigated cases and it was higher for DNA viruses with 

66.67% (2 positive signals in 3 tested cases). Also the ordered DNA probes were 

able to detect 2 of 3 DNA viruses (detection rate: 66.67%), whereas the ordered RNA 

probe failed to detect the tested RNA virus EqHV, resulting in a detection rate of the 

ordered probes for all tested viruses of 50% as the ordered probes detected 2 of 4 

tested viruses. In contrast, the RNA probe mix was able to detect 7 of 8 investigated 

viruses with a detection rate of 87.5%. It only fails to detect MERS-CoV in the 

decalcified nose of an infected camel. For RNA viruses the detection rate using the 

RNA probe mix was 80% as it delivers a correct positive signal in 4 of 5 tested 

viruses. For the tested DNA viruses the detection rate was 100% as all probes for the 

3 viruses showed a positive signal in all examined tissues. 

Summarized, ISH with a self-designed RNA probe was able to detect 4 out of the 

eight viruses (50%), 2 RNA (40%) and 2 DNA (66.67%) viruses. The ordered DNA 

probes were also able to detect 2 DNA viruses out of 3 (66.67%), whereas the 

ordered RNA probe failed to detect EqHV in the positive horse. In contrast, the RNA 

probe mix was able to detect 7 out of 8 investigated viruses (87.5%), but failed to 

detect MERS-CoV in the decalcified nose of an infected camel.  
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The positive cell-associated area was detected by measurements of the total tissue 

region and the positive cell-associated region. Regarding the positive area, the RNA 

probe mix again showed satisfying results for the detection of the three viruses which 

could be detected by all tested methods. It was able to detect the largest cell-

associated positive area for PCV-2 in all three examined tissues and for CBoV-2. 

SBV showed the largest area using the RNA anti-sense probe, followed by the RNA 

probe mix and the RNA sense probe. 

Evaluation of material costs revealed a similar price per slide for the ISH with self-

designed RNA probes and commercially produced RNA and DNA probes, including 

costs for slide preparation, probe design and the ISH itself of about 10€ per slide. In 

contrast, ISH with the RNA probe mix and the commercially available kits (Thermo 

Fisher Scientific) is more expensive with at least 60€ material costs per slide.  

Regarding the duration of the procedure, which is an important factor in virus 

discovery and additionally a cost-saving aspect, there are large differences between 

the pure working time, the working time including incubation times and the time in 

days needed beginning with the probe, kit and plasmid order. The generation of self-

designed RNA probes and the subsequent ISH takes a total of about 15 hours. The 

commercially produced RNA and DNA probes have to be ordered only. Thus, the 

time for selection of the correct probe and the ISH itself takes about 7 hours. The ISH 

with the RNA probe mix and the probe order take 3 hours only. The working time, 

including the incubation times, which represents the time a person is really occupied 

by the method, shows a similar distribution. The generation of an RNA probe 

including the subsequent ISH takes about 186 hours, the ISH with an ordered probe 

62 and the ISH with the ordered RNA probe mix about 13 hours. The time needed 

starting on the day from order until the ISH is finished reveals a different result. Due 

to longer ordering times, ISH with the RNA probe mix takes up to 21 days, from virus 

detection to finished ISH. The ISH with the commercially produced RNA and DNA 

probes only takes 10 days, a method that profits from relatively short ordering times. 

The ISH with the self-designed RNA probes takes up to 16 days, as the plasmids 

have to be ordered and the probes to be generated. An overview of the results is 

presented in Table 2. 
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Discussion 

Virus discovery pipelines using next generation sequencing are important tools for 

the detection of new and emerging viruses to create early detection systems and 

intervention strategies (Smits and Osterhaus, 2013). For a first evaluation of a 

detected virus regarding its pathogenicity, ISH represents an important tool, before 

Koch’s postulates are fulfilled (Fredricks and Relman, 1996; Bodewes et al., 2014; 

Pfankuche et al., 2016). This is achieved by a correlation between virus and lesion 

distribution which gives a strong hint of the potential pathogenicity of the virus 

(Fredricks and Relman, 1996; Bodewes et al., 2014; Pfankuche et al., 2016). For an 

early preselection of potentially pathogenic viruses, detection rate of the ISH, the 

duration as well as the costs of the different ISH protocols and methods available are 

important factors to generate the most effective protocol. We therefore tested three 

different ISH protocols for the detection of RNA and DNA viruses in virus positive and 

negative animals. All viruses were detected in an expected distribution within the 

tissue by at least one of the tested methods. Thus, false positive PCR results are 

very unlikely that might occur in cases of viremia with non-perfused tissues, 

legitimating PCR as gold-standard method for the calculation of test detection rate in 

the present study.  

The differences in detection rate and positive area between the self-designed RNA 

probes and the RNA probe mix might be due to different distribution patterns of the 

virus. Single cells with a high viral load might be tested positive by ISH methods with 

low and high detection rates whereas a high number of cells with a very low virus 

load might be negative in low detection rate ISH techniques, although both samples 

were positive in PCR and highly sensitive ISH techniques (Hahn et al., 2013). This 

different distribution pattern might be responsible for the different results using the 

RNA probe mix and the self-designed RNA probes. Similarly, there are reports of 

different results using different in situ hybridization methods in combination with 

immunohistochemistry for the detection of feline panleukopenia virus [FPV; (Url et al., 

2003)]. A DIG-labeled, anti-sense RNA probe and a FPV-antibody detected FPV in 

neurons other than Purkinje cells in cats. Nevertheless, co-localization of signals was 

lacking, which might be due to a different sensitivity of methods (Url et al., 2003). In 

another study that described the detection of canine parvovirus in myocytes of dogs 

suffering from myocarditis, a commercially available RNA probe mix system (ACD 
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RNAscope, Hayward, Canada), which is similar to the system of the present study, 

was used in combination with immunohistochemistry (Ford et al., 2017). Interestingly, 

there was a marked difference in the signals achieved, showing a far more abundant 

signal using ISH (Ford et al., 2017). These findings resemble the results of the 

present study and substantiate the high detection rate of Z-linked RNA probe mix 

systems for the detection of DNA viruses. As the RNA probe mix revealed a detection 

rate of 87.5% for the detection of all viruses, the RNA probe mix seems to be a very 

effective method in the field of virus discovery, compared to the self-designed RNA 

probe system that only detected 2 of 5 tested RNA viruses (detection rate 40%) and 

2 of 3 DNA viruses (detection rate 66.67%). In contrast, for SBV the positive area 

using the self-designed RNA anti-sense probe was larger compared to the RNA 

probe mix and the sense probe, probably due to the negative sense genome of this 

pathogen (Hoffmann et al., 2012). However, the detection by sense and anti-sense 

probe argues for ongoing replication and transcription. Additionally, the self-designed 

RNA probe was also able to detect viral nucleic acids in the case of the MERS-CoV 

positive camel. Thus, EDTA decalcification seems to hamper the use of the RNA 

probe mix, whereas the self-designed DIG-labeled RNA probe with the anti-DIG-

antibody was unaffected by decalcification. Although further decalcification 

procedures like Morse’s Solution (10% sodium citrate, 20% formic acid) are available 

and recommended for the use in rapid analysis of specific RNA expression (Shibata 

et al., 2000), the positive result using the self-designed probe and the applied 

protocol indicates that RNA was still detectable. This problem seems to be a major 

drawback for the RNA probe mix system, but has to be tested in further decalcified 

tissues and using different decalcifying protocols.  

For the detection of DNA viruses, the use of commercially produced DNA probes 

shows a detection rate of 66.67% highlighting DNA probes as a useful method to 

detect DNA viruses, especially in regard to its time and cost saving properties with 

about 10€ per slide, 7 hours total working time, 62 hours working time including 

incubation times and a time span of only 10 days from the order of a probe to the 

completed ISH. The self-designed RNA probes showed poor results for the detection 

of RNA viruses with a low detection rate of 40%, although the method is cost saving 

with 10€ per slide. For the detection of DNA viruses, the detection rate was 66.67% 

which is the same as using commercially produced DNA probes. This benefit of the 
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techniques has already been reported for the detection of canine parvovirus and 

porcine circovirus type 2 using canine parvovirus RNA and porcine circovirus DNA 

probes (Jacobsen, Krueger et al. 2009, Schaudien, Polizopoulou et al. 2010). 

However, the extended time frame required to design and produce self-designed 

RNA probes and perform the ISH, is longer compared to the ordered DNA probes 

with 15 hours total working time, 182 hours working time including incubation times 

and 16 days from order of the plasmid to finished ISH, making ordered DNA probes 

more feasible compared to RNA probe synthesis. Nevertheless, except of the DNA 

sense probe for the detection of PCV-2 in the pulmonary lymph node, the self-

designed RNA probes revealed a larger positive area for PCV-2 compared to the 

ordered DNA probes. The anti-sense probe was able to detect a larger area in all 

examined tissues, for RNA and DNA probes, respectively, compared to the sense 

probes. This might be due to the localization of the probes which hybridize to the 

open reading frame 1 of the PCV-2 genome which represents the sense part of the 

genome (Martins Gomes de Castro et al., 2007). Nevertheless, the RNA probe mix 

showed the largest positive area for PCV-2 in all tested tissues. For CBoV-2, the 

RNA probe mix also showed the largest positive area. Using self-designed RNA and 

ordered DNA probes, the positive area was larger using the sense compared to the 

anti-sense probes. As bocaviruses are characterized by positive and negative single-

stranded DNA, there is no evidence of replication or transcription in this case (Babkin 

et al., 2015). 

A comparative study of CISH and FISH reported similar results for the detection of 

Epstein-Barr virus and Cytomegalovirus in human FFPE samples (Roe et al., 2017). 

FISH showed a marked higher detection rate in the detection of mentioned viruses 

compared to other ISH methods and immunohistochemistry (Roe et al., 2017). In 

contrast, there were no differences in the detection of mouse double minute 2 

(MDM2) oncogene in human adipocytic tumors using FISH and CISH (Mardekian et 

al., 2015). However, the study was using a different FISH technique without 

amplification steps and Fast Red as a substrate for a commercially available CISH-kit 

(Mardekian et al., 2015). Nevertheless, these findings underline the use of case-

dependent methods to achieve the most sensitive results. 

Regarding the time evaluation, the ISH with the RNA probe mix is very time saving 

with only 3 hours total working time and 13 hours working time including incubation 
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steps. A major drawback of this method is the long order time of 3 weeks which 

represents the longest time for screening of potentially pathogenic and emerging 

viruses compared to the other tested methods although the RNA probe mix showed 

the highest detection rate for the detection of viral nucleic acids. Thus, and due to the 

discouraging results of the self-designed RNA probes for the detection of RNA 

viruses, the RNA probe mix should be considered for the in situ detection of RNA 

viruses. None of the negative cases tested positive using the different methods. 

Thus, false positive results seemed not to have a major impact on ISH for virus 

detection. Furthermore, adaptations of the ISH protocol for the use of self-designed 

RNA and commercially produced DNA probes may help to improve results for the 

detection of viral nucleic acids. These modifications can be performed in a limited 

manner using the standardized, commercially available RNA probe mix only. 

Nevertheless, such modifications are time-consuming, representing a problem in 

virus discovery. Taken together, all tested methods possess several advantages and 

disadvantages that have to be balanced to choose the most effective detection 

system for each case with the RNA probe mix as a very useful method, showing the 

highest detection rate for the tested viruses. 
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Figure 1. Overview of the different in situ hybridization techniques. (A) Self-designed 

digoxigenin-labeled RNA probes of varying length are able to detect viral nucleic 

acids. The observed signal is achieved by detection of the probe using an alkaline 

phosphatase-labeled anti-digoxigenin-antibody. The enzyme catalyzes the reaction of 

the substrates nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl 

phosphate to a purple precipitate. (B) Commercially produced digoxigenin-labeled 

DNA probes of varying length are able to detect viral nucleic acids. The observed 

signal is also achieved by detection of the probe using an alkaline phosphatase-

labeled anti-digoxigenin-antibody and the reaction of nitro blue tetrazolium chloride 

and 5-bromo-4-chloro-3-indolyl phosphate to a purple precipitate. (C) Hybridization of 

two probes of the RNA probe mix to adjacent regions of the viral sequence allows 

further amplification steps, including the pre-amplifier, the amplifier and the alkaline 

phosphatase (AP)-labeled probe reaction. Following an AP-enhancement, addition of 

the substrate Fast Red results in a red precipitate in the tissue which can be 

evaluated using light as well as fluorescence microscopy. 
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Figure 2. Overview of signals using the commercially available RNA probe mix. (A) 

Using the BovHepV specific RNA probe mix, several hepatocytes of a BovHepV 

infected bovine, stained positive for BovHepV (bar: 100µm). (B) The MERS-CoV 

specific RNA probe mix failed to detect the virus within the decalcified nose of a 

camel (bar: 100µm). (C) SBV was detected in several neurons of the cerebrum using 

the SBV-specific RNA probe mix (bar: 100µm). (D) Single neurons of the cervical 

spinal cord stained positive for PBoV in a PBoV infected pig using the RNA probe mix 

(bar: 100µm). (E) Cortical and medullary lymphocytes of the pulmonary lymph node 

in a PCV-2 infected pig showed an intracellular PCV-2 specific signal using the RNA 

probe mix (bar: 100µm). (F) Furthermore, several alveolar macrophages of the lung 

of the PCV-2 infected pig stained positive for PCV-2 using the RNA probe mix (bar: 

100µm). 
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Figure 3. Comparison of the signals detected, using the three different methods in an 

EqHV infected horse, a CBoV-2 positive dog and a PCV-2 infected pig. (A) The self-

designed sense RNA probe failed to detect a singal in an EqHV-infected horse (bar: 

100µm). (B) The anti-sense RNA probe was also not able to detect EqHV-specific 

nucleic acids within the hepatocytes of an EqHV-infected horse (bar: 100µm). (C) 

Using the commercially produced sense RNA probe, no signal was detectable in the 

liver of an EqHV infected horse (bar: 100µm). (D) The commercially produced anti-

sense RNA probe also failed to detect an EqHV-specific signal (bar: 100µm). (E) The 

RNA probe mix was able to detect EqHV in several hepatocytes of an infected horse 

(bar: 100µm). (F) The self-designed RNA sense probe shows multifocal positive cells 

in the gut-associated lymphoid tissue of the small intestine of a CBoV-2 infected dog 

(bar: 100µm). (G) Similar results were obtained using the CBoV-2-specific RNA anti-

sense probe (bar: 100µm). (H) Using the commercially produced DNA sense probe, 

gut-associated lymphoid tissue of the small intestine stained positive for CBoV-2 (bar: 

100µm). (I) The DNA anti-sense probe was also able to detect CBoV-2 in the gut-

associated lymphoid tissue of the small intestine in a CBoV-2 infected dog (bar: 

100µm). (J) The RNA probe mix revealed a strong signal in the gut-associated 

lymphoid tissue of the small intestine of a CBoV-2 infected dog (bar: 100µm). (K) 

Single endothelial cells of the cerebrum stained positive for PCV-2 in a PCV-2 

infected pig using the self-designed RNA sense probe (bar: 100µm). (L) Similar 

results in single endothelial cells were obtained using the anti-sense probe on the 

cerebrum of the same animal (bar: 100µm). (M) The commercially produced DNA 
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sense probe was also able to detect PCV-2 in cerebral endothelial cells in this animal 

(bar: 100µm). (N) Additionally, the DNA anti-sense probe revealed a positive PCV-2 

specific signal in single endothelial cells of the porcine cerebrum (bar: 100µm). (O) 

The RNA probe mix showed a PCV-2 specific signal in several endothelial cells of the 

cerebrum of this pig (bar: 100µm). 
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Table 1. Overview of investigated viruses and tissues. 

Virus Tissue 

Atypical porcine pestivirus (APPV) 

(ss (+) RNA-virus); Family: Flaviviridae; Genus: Pestivirus 
Cerebellum 

Bovine hepacivirus (BovHepV) 

(ss (+) RNA-virus); Family: Flaviviridae; Genus: Hepacivirus 
Liver 

Equine hepacivirus (EqHV)  

(ss (+) RNA-virus); Family: Flaviviridae; Genus: Hepacivirus 

Liver 

Middle East respiratory syndrome coronavirus (MERS-CoV) 

(ss (+) RNA-virus); Family: Coronaviridae; Genus: 

Betacoronavirus 

Nose 

Schmallenberg virus (SBV) 

(ss (-) RNA-virus); Family: Bunyaviridae; Genus: 

Orthobunyavirus 

Cerebrum 

Canine bocavirus 2 (CBoV-2) 

(ss (+) and (–) DNA-virus); Family: Parvoviridae; Genus: 

Bocaparvovirus 

Small intestine 

Porcine bocavirus (PBoV) 

(ss (+) and (–) DNA-virus); Family: Parvoviridae; Genus: 

Bocaparvovirus 

Cervical spinal cord 

Porcine circovirus type 2 (PCV-2) 

(ss (ambisense) DNA-virus); Family: Circoviridae; Genus: 

Circovirus 

Cerebrum, pulmonary 

lymph node, lung 

 
Ss: single-stranded 
+: positively orientated 
-: negatively orientated 
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Table 2. Overview of the viruses, tissues and probes used in the present study as 
well as the estimated material costs, working time and positive area using different 
probes displaying probe specific signals. 

Virus Tissue Probes 

Estimated 

material 

costs per 

slide in 

Euro (€) 

Estimated 

time (total 

working 

hours; 

working 

hours 

including 

incubation 

times; days 

including 

ordering 

times) 

Positive 

(+)/ 

negative 

(-) 

Positive 

region per 

total tissue 

section (in 

%) 

Atypical 

porcine 

pestivirus 

Cerebellum 

RNA 

probe§ 10 15; 182; 16 - 0 

RNA probe 

mix# 60 3; 13; 21 + 7.77 

Bovine 

hepacivirus 
Liver 

RNA 

probe§ 10 15; 182; 16 - 0 

RNA probe 

mix# 
60 3; 13; 21 + 15.25 

Equine 

hepacivirus 
Liver 

RNA 

probe§ 10 15; 182; 16 - 0 

RNA probe 

(synthetic)* 
10 7; 62; 10 - 0 

RNA probe 

mix# 
60 3; 13; 21 + 9.69 

Middle 

East 

respiratory 

syndrome 

coronavirus 

Nose 

RNA 

probe§ 10 15; 182; 16 + 

anti-sense: 

1.61 

sense: 0.93 

RNA probe 

mix# 
60 3; 13; 21 - 0 

§self-designed and constructed RNA probe; #commercially available Z-linked RNA probe mix; 
*commercially produced RNA/DNA probes 
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Continuation of Table 2. Overview of the viruses, tissues and probes used in the 
present study as well as the estimated material costs, working time and positive area 
using different probes displaying probe specific signals. 

Virus Tissue Probes 

Estimated 

material 

costs per 

slide in 

Euro (€) 

Estimated time 

(total working 

hours; working 

hours including 

incubation times; 

days including 

ordering times) 

Positive 

(+)/ 

negative 

(-) 

Positive 

region 

per 

total 

tissue 

section 

(in %) 

Schmallenberg 

virus 
Cerebrum 

RNA 

probe§ 10 15; 182; 16 + 

sense: 

0.20 

anti-

sense: 

0.32 

RNA 

probe 

mix# 

60 3; 13; 21 + 0.20 

Canine 

bocavirus 2 

Small 

intestine 
RNA 

probe§ 

10 15; 182; 16 + sense: 

1.17 

anti-

sense: 

0.38 

DNA 

probe* 

10 7; 62; 10 + sense: 

0.79 

anti-

sense: 

0.77 

RNA 

probe 

mix# 

60 3; 13; 21 + 5.75 

Porcine 

bocavirus 

Spinal 

cord 

RNA 

probe§ 

10 15; 182; 16 - 0 

DNA 

probe* 

10 7; 62; 10 - 0 

RNA 

probe 

mix# 

60 3; 13; 21 + 0.10 

§self-designed and constructed RNA probe; #commercially available Z-linked RNA probe mix; 
*commercially produced RNA/DNA probes
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Continuation of Table 2. Overview of the viruses, tissues and probes used in the 
present study as well as the estimated material costs, working time and positive area 
using different probes displaying probe specific signals. 

Virus Tissue Probes 

Estimated 

material 

costs per 

slide in 

Euro (€) 

Estimated time 

(total working 

hours; working 

hours including 

incubation times; 

days including 

ordering times) 

Positive 

(+)/ 

negative 

(-) 

Positive 

region 

per total 

tissue 

section 

(in %) 

Porcine 

circovirus 

type 2 

Pulmonary 

lymph 

node 
RNA 

probe§ 

10 15; 182; 16 + anti-

sense: 

1.42 

sense: 

0.89 

DNA 

probe* 

10 7; 62; 10 + anti-

sense: 

6.95 

sense: 

0.31 

RNA 

probe 

mix# 

60 3; 13; 21 + 10.74 

Porcine 

circovirus 

type 2 

Cerebrum 

RNA 

probe§ 

10 15; 182; 16 + anti-

sense: 

0.05 

sense: 

0.03 

DNA 

probe* 

10 7; 62; 10 + anti-

sense: 

0.04 

sense: 

0.04 

RNA 

probe 

mix# 

60 3; 13; 21 + 0.18 

§self-designed and constructed RNA probe; #commercially available Z-linked RNA probe mix; 
*commercially produced RNA/DNA probes 
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Continuation of Table 2. Overview of the viruses, tissues and probes used in the 
present study as well as the estimated material costs, working time and positive area 
using different probes displaying probe specific signals. 

Virus Tissue Probes 

Estimated 

material 

costs per 

slide in 

Euro (€) 

Estimated time (total 

working hours; 

working hours 

including incubation 

times; days including 

ordering times) 

Positive 

(+)/ 

negative 

(-) 

Positive 

region 

per total 

tissue 

section 

(in %) 

Porcine 

circovirus 

type 2 

Lung RNA probe§ 10 15; 182; 16 + anti-

sense: 

1.33 

sense: 

0.63 

DNA probe* 10 7; 62; 10 + anti-

sense: 

0.83 

sense: 

0.31 

RNA probe 

mix# 

60 3; 13; 21 + 2.12 

§self-designed and constructed RNA probe; #commercially available Z-linked RNA probe mix; 
*commercially produced RNA/DNA probes
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Supplementary Table 1. Overview of target regions of primers for probe synthesis 

and ordered probes. Primers for the construction of RNA probes are marked in yellow 

(sense primer) and red (anti-sense primer). Commercially produced RNA/DNA 

probes are marked in green. Deviations are marked in blue. Overlapping regions are 

marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics 

GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Atypical 

porcine 

pestivirus 

 

GenBank: 

KU041638 

 

Sense: 

5´CAGAGRAA

AGGKCGAGT

GGG3´  

Anti-sense: 

5´ACCATAYT

CTTGGGCCT

GSAG3´  

- 5´CCTATTACAATGTGAACAACCTGA

AAGGGTGGTCTGGACTACCAATAAT

GTTGCACTCTACTGGGGCCATAGTA

GGGAGGATAAAGTCAGCATATTCAG

ATGAAAATGACTTGGTGGAGGAACT

TATTGACTCTAGGACTATCAGCAAG

AGCAATGAGACAAACCTGGACCATC

TTATCAAGGAATTGGCAGATATGCG

GAGGGGGGAGTTTCGCTCAATCAC

CCTTGGAACGGGAGCTGGGAAAAC

TACGGAACTGCCCAGGCAATACCTC

ACAACGGTAGGTGCCCATAAATCTG

TGTTGGTCCTAGTCCCTTTAAAAGC

ACCCGCCGAGAGTGTCTGCCGCTT

CATGAGGTCTAAATACCCCACCATC

AACTTTTCTTTGAGAGTGGGGGAGC

GGAAAGAGGGTGACGTGAGCAGCG

GCATCACCTATGCTACATACGGATT

CTGCTGCCAATTAAACCTGGTTCAA

CTTAGAGAATGGATATCCAGGTACT

CAATGGTGTTTTTCGACGAATACCA

CACAGCAACTCCAGAACAAATAGCC

ATAATAAGCAAAATCCATGCATTGA

AAGTTAAGACCAGGATAGTGGCTAT

GTCAGCAACTCCCCCGGGTA 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics 

GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Atypical 

porcine 

pestivirus 

 

GenBank: 

KU041638 

 

 

 

- CCGTGACGACTGAAGGTAGGAAATT

TGATATTGAAGAGGTCGGGGTTGCT

ACTATAGAGAAAGGAGAGGAACCAA

AAAGGGGGCGTATAGCAGTTGCCG

GTATGCAGGTTCCATTGGAAGACTT

GACAGGGAAGAACTGCCTGGTGTT

CGTGGCAACCAAAGAAGCAGCAGA

GACGGAGGCCAAAGAACTGCGTGC

CCGAGGAATTAATGCCACATATTAT

TATTCAGGTATAGACCCTAAGACTC

TGGAACATGGGATGACCAATCAACC

ATATTGTATCGTCGCCACCAACGCC

ATCGAATCAGGCATAACCTGCCCTG

ATTTAGATGTGGTCATAGATACTAT

GCAGAAGTACGAAAAAGTAGTGAAT

TTCTCAGCAAAGATGCCCTTGATTG

TCACTTCATTAGTAAAGAAGAAAATC

ACTAGGGAAGAACAGGGCCAGAGG

AAAGGTCGAGTAGGTAGGCAAAAG

AAGGGAAAATACTACTATCCTTCGG

GGGTAGTACCGAATGGATCAAAAGA

CCTAAGTTACTTAATCCTGCAGGCC

CAAGAATATGGT3` 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics 

GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Bovine 

hepacivirus 

 

GenBank: 

KP641127 

 

Sense: 

5´GCTCGGCT

TACATACTCT

AC3´ 

Anti-sense: 

5´GAATGGTA

GTGGAATCG

GTG3´ 

- 5´TCCTGTGTTGTGCTCTGCTGGACA

TGTCATCGCCATGGTGCAACGCTGT

AGGGCTGTTTCTGGCTCCGTGGCG

TATGTTTGCACTACACCAGTAAGGC

ACACCGCAGTTGGTAAACCCGCTC

CCACGCGGACTGACCTTTCGGCTC

CACCAGCAATCGGCACGAGCTGGG

AGGTCCAGACTGTCTATGCACCAAC

TGGATCTGGTAAGACCACCTTGCTT

CCCATGCACTACGTCCGCAAGGGC

TATAGTGTGTTGGTTCTCAACCCCT

CAGTTGCTACTACCATGTCTATGCC

AGCTTATATGAAGGATTCTTTTGGC

ATTAACCCAAATTTAAAGGCTGCTG

AAATGACTTTAAATACTGGTGCTCG

GCTTACATACTCTACTTATGGCAGA

TTTTTGGCGGATGGTAAAAACAACA

TTAATTTTGATGTGGTTATCTGTGAT

GAGTGCCACGCCACCGATTCCACT

ACCATTCTTGGGATTGGCGCCGTG

CTCAACCTCACGCCAAACACCAAAT

GCAAATTGGTTTTGCTTGCCACCGC

CACTCCACCGGGTCAACCCGTTCTC

CCGCACCCTAACATTCAGGAAGTG

GAGCTTGATGATGTTGGGGATATCA

ATTTCCACGGAAGGAAACTCAAATT

GGCTACTTACAAA 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics 

GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Bovine 

hepacivirus 

 

GenBank: 

KP641127 

 

´ - ACAGGCAGACATTTGATCTTCCAAA

ACAGCAAGAAACACTGTGAAGCTTT

GGCAGCTGATCTCCGGTCGAGGGG

GCTTCGAGCTGTCGCTTACTACCGC

GGTCTTCCTATTAGTACCATTCCTA

CTGAGGGGGACTGCATCGTGGTGG

CGACTGATGCCCTCATGACCGGATA

CACTGGCAACTTCGATAGTGTGACT

GACTGTAATTTGGCTACCATTG3´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Equine 

hepacivirus  

 

GenBank: 

KP640276 

 

Sense: 

5´TAACATCG

ATGAGGAGG

CCC3´ 

Anti-sense: 

5´CTCCGGCC

TTTCTCAGAA

GA3´ 

 

Sense: 

5´CAGAGUGGG

GACAUCCCCUU

UUACGGGAAGA

UGUGAAGUCAU

CCUUGCUC3´ 

Anti-sense: 

5´GAGCAAGGA

UGACUUCACAU

CUUCCCGUAAA

AGGGGAUGUC

CCCACUCUG3´ 

5´CACCCATTACCGCGACTGTTACCA

AAACACGCGGTATTCCTTCAGCGAT

TGTTTGTTGCCTTACGGGTAGAGAC

AAATATCCCCACAGAGGCCATTGTT

ACATCTTGACCTCATTGACCAAAAC

TTTCATGGGCACTGTTTGTAAGGGT

GTGTTGTGGTCCGTCCACCACGGC

GGTGGTACTGCTACTCTCGCTTCTG

ATAAATCGTCCTTGCTACAAGTCCT

GTGCTCTCCGGGCGATGACCTCGT

TGCATGGCCTGCCCCATCTGGGTC

CAAGTCTTTTCAGCCTTGCACTTGT

GGCTCAGCTGATGTGTACTTGGTTA

CCCGGACTGGTCAGGTCGTTCCGG

CGAGGAAAACGTCCGAGAAAGACG

CTTCTCTCATCTCCCCTTTACCTATA

TCATCACTTAAAGGGAGCTCAGGAG

GCCCAGTCTTGTGTAAAGACGGGG

ACCTTGTCGGGATCTTCTGCTCAGC

TTCCGTTACTAGGGGGGTAGCAAA

GCGGATACATTTCGCGGACATGCG

TACGCGGAGTGTTTCCTCCTGCCCC

CCGAAATATACGGATCTGGACTCTC

CACCAGCAGTTCCCTCATCATACCA

GGTCTCCTTCCTTCATGCTCCTACC

GGCAGTGGCAAATCCACCAAGATG

CCATTGTCGTATGTGGAATTGGGCT

ATCATGTTCTAGTTCTCAACCCTTC

GGTCGCTT 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Equine 

hepacivirus  

 

GenBank: 

KP640276 

 

´ 

 

 CCACCCTCAGCTTTGGGCCATATAT

GGATAAGACTTATGGTGAGTGTCCT

AACATCAGGACAGGTGCCAGTTGC

AAAACCACAGGCTCAAAACTCACTT

ATTCCACCTATGGAAAATTCCTAGC

TGATGGTGGGGTCTCTGCTGGTGC

TTATGACATAATCATCTGTGATGAGT

GCCATAGCACAGACTCCACATCTGT

ACTGGGGATTGGATCTGTCCTTGAC

GGGGCAGAATCCAAGGGTGTAAAG

CTTGTTGTTCTTGCCACTGCCACAC

CACCAGGCTCTCAGACCGTACCTCA

CCCTAACATCGATGAGGAGGCCCTT

ACGCAGAGTGGGGACATCCCCTTTT

ACGGGAAGATGTTGAAGTCATCCTT

GCTCCTTAGTGGGAGGCATCTTATC

TTCTGCCATTCAAAGAAGAAGTGCG

AGGAAGTCGCGCTCCTTCTAAGGAA

GGCGGGAGCTAATGCTGTCACCTA

TTATCGGGGCCTGGACGTTTCCGTT

ATCCCGAATGAGGGGAATGTCGTC

GTCGTAGCTACGGATGCTCTGATGA

CAGGGTATTCTGGCAACTTCGACAC

TGTGACCGACTGTAACACTGCTGTA

GAACTGGACATTGAATTTTCTCTTG

ACCCAACCTTTTCCATGGTT3´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-labeled 

DNA/ RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Middle East 

respiratory 

syndrome 

coronavirus 

 

GenBank: 

JX869059 

 

Sense: 

5´GGGTGTA

CCTCTTAAT

GCCAATTC3

´ 

Anti-sense: 

5´TCTGTCC

TGTCTCCG

CCAAT 3´ 

- 5´ATGGCATCCCCTGCTGCACCTCG

TGCTGTTTCCTTTGCCGATAACAAT

GATATAACAAATACAAACCTATCTC

GAGGTAGAGGACGTAATCCAAAAC

CACGAGCTGCACCAAATAACACTGT

CTCTTGGTACACTGGGCTTACCCAA

CACGGGAAAGTCCCTCTTACCTTTC

CACCTGGGCAGGGTGTACCTCTTAA

TGCCAATTCTACCCCTGCGCAAAAT

GCTGGGTATTGGCGGAGACAGGAC

AGAAAAATTAATACCGGGAATGGAA

TTAAGCAACTGGCTCCCAGGTGGTA

CTTCTACTACACTGGAACTGGACCC

GAAGCAGCACTCCCATTCCGGGCT

GTTAAGGATGGCATCGTTTGGGTCC

ATGAAGATGGCGCCACTGATGCTC

CTTCAACTTTTGGGACGCGGAACCC

TAACAATGATTCAGCTATTGTTACAC

AATTCGCGCCCGGTACTAAGCTTCC

TAAAAACTTCCACATTGAGGGGACT

GGAGGCAATAGTCAATCATCTTCAA

GAGCCTCTAGCTTAAGCAGAAACTC

TTCCAGATCTAGTTCACAAGGTTCA

AGATCAGGAAACTCTACCCGCGGC

ACTTCTCCAGGTCCATCTGGAATCG

GAGCAGTAGGAGGTGATCTACTTTA

CCTTGATCTTCTGAACAGACTACAA

GCCCTTGA 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; 

Thermo Fisher Scientific; underlined)  

Middle East 

respiratory 

syndrome 

coronavirus 

 

GenBank: 

JX869059 

 

 - GTCTGGCAAAGTAAAGCAATCGCAG

CCAAAAGTAATCACTAAGAAAGATG

CTGCTGCTGCTAAAAATAAGATGCG

CCACAAGCGCACTTCCACCAAAAGT

TTCAACATGGTGCAAGCTTTTGGTC

TTCGCGGACCAGGAGACCTCCAGG

GAAACTTTGGTGATCTTCAATTGAAT

AAACTCGGCACTGAGGACCCACGT

TGGCCCCAAATTGCTGAGCTTGCTC

CTACAGCCAGTGCTTTTATGGGTAT

GTCGCAATTTAAACTTACCCATCAG

AACAATGATGATCATGGCAACCCTG

TGTACTTCCTTCGGTACAGTGGAGC

CATTAAACTTGACCCAAAGAATCCC

AACTACAATAAGTGGTTGGAGCTTC

TTGAGCAAAATATTGATGCCTACAA

AACCTTCCCTAAGAAGGAAAAGAAA

CAAAAGGCACCAAAAGAAGAATCAA

CAGACCAAATGTCTGAACCTCCAAA

GGAGCAGCGTGTGCAAGGTAGCAT

CACTCAGCGCACTCGCACCC3´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence 

of primers 

used for 

RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined)  

Schmallen-

berg virus 

 

GenBank: 

KP279304 

 

Sense: 

5´TCAGAT

TGTCATG

CCCCTTG

C3´ 

Anti-sense: 

5´TTCGGC

CCCAGGT

GCAAATC

3´ 

- 5´AAGCCAATTCATTTTTGAAGATGTACC

ACAACGGAATGCAGCTACATTTAACCCG

GAGGTCGGGTATGTGGCATTTATTGGTA

AGTATGGGCAACAACTCAACTTCGGTGT

TGCTAGAGTCTTCTTCCTCAACCAGAAG

AAGGCCAAGATGGTCCTACATAAGACG

GCACAACCAAGTGTCGATCTTACTTTTG

GTGGGGTCAAATTTACAGTGGTTAATAA

CCATTTTCCCCAATATGTCTCAAATCCT

GTGCCAGACAATGCCATTACACTTCACA

GGATGTCAGGATATCTAGCACGTTGGAT

TGCTGATACATGCAAGGCTAGTGTCCTC

AAACTAGCTGAAGCTAGTGCTCAGATTG

TCATGCCCCTTGCTGAGGTTAAGGGAT

GCACCTGGGCCGATGGTTATACAATGT

ATCTTGGATTTGCACCTGGGGCCGAAAT

GTTCCTTGATGCTTTTGACTTCTATCCA

CTAGTTATTGAAATGCATAGGGTCCTCA

AGGACAATATGGATGTAAATTTTATGAA

AAAAGTCCTCCGCCAACGCTATGGAAC

AATGACTGCTGAAGAATGGATGACTCAG

AAAATAACAGAAATAAAAGCTGCTTTTAA

TTCTGTTGGACAGCTTGCCTGGGCCAA

ATCTGGATTCTCTCCTGCTGCTAGAACC

TTCTTGCAGCAATTCGGTATCAACATCT

AAACCTCTTCATCACAGATCTTCAATTTC

CGTGCAATATGTCTATGTATTGCACACC

ATTATACTGCAA3´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence 

of primers 

used for 

RNA probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined)  

Canine 

bocavirus 2 

 

GenBank: 

KF771828 

Sense: 

5´GCTGTA

CGGATGT

GTGAAC3´ 

Anti-sense: 

5´CAGACA

CTTGGCC

TGCTCTA

3´ 

Sense: 

5´CTATGGTCGA

CCCTGACAGAG

CAACTCCGTTTG

TCTCTCACTTTG

CCTGT3´ 

Anti-sense: 

5´ACAGGCAAAG

TGAGAGACAAA

CGGAGTTGCTC

TGTCAGGGTCG

ACCATAG3´ 

5´TATGGTCGACCCTGACAGAGCAACTC

CGTTTGTCTCTCACTTTGCCTGTTCTGG

TAAAACGTACGCGGCTACGTTTGTCAAT

GGGAAGTGGGTCTTGCCTCAGGTTAGA

AAGCAGTGGCTAAATTATCTTCGAGACT

CTGTCTGTCAGAAGGCCGATCCAGTCTT

TTCCGGCGACATGTTTGAAAACTTACCC

AAGGTACCTCGCGCGACCTGGGAGGCC

GAAGTTTCCTCCAATAAATCTAAAATCA

CTAAAAAGGAAACTCTGATGATTGACTG

TATCGATCGCTGCGAAAAGAATCACTTG

CTTACCTATGAAGATTTGGTCAATGAGT

GTTCTGATCTTGTAATCATGCTCGGCTC

ACAGCCGGGTGGAACTAAATTGATTGA

GACCTTGCTTCAGATGGTTCACATTAAA

ATTTGTCAGAAATATACAGCCTTGTCTTA

TGTCTTGTCGCGGTACTCGTCGATCGA

GCTGCTGCCTGAGAACAAGGCCATACA

ACTCTTGATCTTTCAGGGATACAATCCC

TGGCAGGTCGGCCACTGGCTGTGCTGC

GTGCTGCACAAGACGGCCGGTAAACAG

AATACCGTGTGCTTTTTCGGTCCGGCCA

GCACCGGCAAGACCAACTTTGCCAAGG

CTATAGTGAATGCCGTTAAGCTGTACGG

ATGTGTGAACCATCAGAATAAGAATTTT

GTGTTTAACGACTGCGCGTCCAAGCTG

GTCAATTGGTGGGAAGAGTGCCTCATG

CACAATGATTGGGTAGAGCAGGCCAAG

TGTCTG3´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined) 

Porcine 

bocavirus 

 

GenBank: 

KU311698 

 

Sense: 

5´GGCACCA

GACTAAAT

GGTAA3´ 

Anti-sense: 

5´CATGTAT

GTTGTGCT

TGTTGATG 

3´ 

Sense: 

5´CATCAGGAGC

ATTCAACACAT

CATGGACACCA

CCTGGTGCACA

TCAAACA3´ 

Anti-sense: 

5´TGTTTGATGT

GCACCAGGTGG

TGTCCATGATG

TGTTGAATGCT

CCTGATG 3´ 

5´ACCAGAAATCCCAGAAGAAGTTGGC

GGTCTACAACTTATAGGTGAAAAAAGG

GACTGTAAAAAACAACAGAGAAGCTTC

TATTTTGCGCGACAAGCTCAAGGTGCT

AAAAGGGCTAGaATGAGTGACGTTCCA

CAAGGGGAAACTGAGGATGCTGTCGA

TAGTGGGGTGGGGAGAGCGGGAAGC

AGTGGAGGAGGAGGTGGCGGAGGAG

GAGGTACTGGAAATATTGGGATGGCA

ACGGGCGGATGGGTAGGAGGAACATA

CTTTGGCAAAAACAAAGTGGTCACCAA

TATAACCAGACAATGGTTCGTTCCTAT

ATATAATGGACACAAATACACAAAAGA

GACAGAAACAGACAACAATGGCTTTTG

GACGGGAATCAGAACTCCATGGGGGT

ACATTAACATGAACTCATACAGCTGCC

ACTTTTCACCAAATGACTGGCAGCGGT

TATTAAATAATTACAAGAGGTGGCGGC

CATCAAAAATGAGAGTCCAGCTATACA

ACTTACAAATAAAACAGGTAGTAAAAC

TGGGGTCAGACACGTTATACAACAATG

ATCTGACAGCAGGTGTGCACATCATGT

GTGATGGCTCACATCAGTACCCATACT

CACAAAGCGGGTGGGACTCAGAGCTG

ATACCAGAACTGCCTGGCACGGTATAT

AAACTGCCAAATTACTGTTACTTTCAA

GAACTGGGAGACATTGGAGACGGAAA

CCCAGACGTACGTAACACATGGCTAG

GGACAGCT 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined) 

Porcine 

bocavirus 

 

GenBank: 

KU311698 

 

  TGTCCTTTGTTTTTTTTGGAAAATACAT

CACACGAAGTGTTACGAACTGGGGAG

GACACTACATTTGAATTTGACTTTGACT

GTGGTTGGGTCTTTAATGACAGAGCAT

TCTGTCCACCACAGTGTGACTTTAATC

CACTAGTAAAAACAAGAAGAAGCAGAT

TTGTATGGGGAACAAGCGCAAATTCAT

CAGAACCATACTACAACTACAAAAAAC

CATCAAATTGGATGCCAGGTCCAGGC

ACCAGACTAAATGGTAACATGGGGGG

AACAAACCTAAAAACATCATCAGGAGC

ATTCAACACATCATGGACACCACCTGG

TGCACATCAAACATCAACAAGCACAAC

ATACATGGGCTCACCCGCACTACAGC

AAACAAGTTGGCCAAGTAAATCAATG3´

´ 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined)  

Porcine 

circovirus 

type 2 

 

GenBank: 

AF027217 

 

Sense: 

5´CACGCTG

AATAATCCT

TCC3´ 

Anti-sense: 

5´GTCCTTC

CTCATTACC

CTC3´ 

Sense: 

5´TTTGATTATTT

TATTGTTGGCG

AGGAGGGTAAT

GAGGAAGG3´ 

Anti-sense: 

5´CCTTCCTCAT

TACCCTCCTCG

CCAACAATAAA

ATAATCAAA3´ 

5´CCAGCGCACTTCGGCAGCGGCAGC

ACCTCGGCAGCACCTCAGCAGCAACA

TGCCCAGCAAGAAGAATGGAAGAAGC

GGACCCCAACCACATAAAAGGTGGGT

GTTCACGCTGAATAATCCTTCCGAAGA

CGAGCGCAAGAAAATACGGGAGCTCC

CAATCTCCCTATTTGATTATTTTATTGT

TGGCGAGGAGGGTAATGAGGAAGGAC

GAACACCTCACCTCCAGGGGTTCGCT

AATTTTGTGAAGAAGCAAACTTTTAATA

AAGTGAAGTGGTATTTGGGTGCCCGC

TGCTACATCGAGAAAGCCAAAGGAACT

GATCAGCAGAATAAAGAATATTGCAGT

AAAGAAGGCAACTTACTTATTGAATGT

GGAGCTCCTCGATCTCAAGGACAACG

GAGTGACCTGTCTACTGCTGTGAGTAC

CTTGTTGGAGAGCGGGAGTCTGGTGA

CCGTTGCAGAGCAGCACCCTGTAACG

TTTGTCAGAAATTTCCGCGGGCTGGCT

GAACTTTTGAAAGTGAGCGGGAAAATG

CAGAAGCGTGATTGGAAGACCAATGT

ACACGTCATTGTGGGGCCACCTGGGT

GTGGTAAAAGCAAATGGGCTGCTAATT

TTGCAGACCCGGAAACCACATACTGG

AAACCACCTAGAAACAAGTGGTGGGA

TGGTTACCATGGTGAAGAAGTGGTTGT

TATTGATGACTTTTATGGCTGGCTGCC

GTGGGATGATCTACTGAGACTGTGTG

ATCGA 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined) 

Porcine 

circovirus 

type 2 

 

GenBank: 

AF027217 

 

  TATCCATTGACTGTAGAGACTAAAGGT

GGAACTGTACCTTTTTTGGCCCGCAGT

ATTCTGATTACCAGCAATCAGACCCCG

TTGGAATGGTACTCCTCAACTGCTGTC

CCAGCTGTAGAAGCTCTCTATCGGAG

GATTACTTCCTTGGTATTTTGGAAGAAT

GCTACAGAACAATCCACGGAGGAAGG

GGGCCAGTTCGTCACCCTTTCCCCCC

CATGCCCTGAATTTCCATATGAAATAA

ATTACTGAGTCTTTTTTATCACTTCGTA

ATGGTTTTTATTTTTCATTTAGGGTTTA

AGTGGGGGGTCTTTAAGATTAAATTCT

CTGAATTGTACATACATGGTTACACGG

ATATTGTAGTCCTGGTCGTATATACTG

TTTTCGAACGCAGTGCCGAGGCCTAC

GTGGTCCACATTTCTAGAGGTTTGTAG

CCTCAGCCAAAGCTGAGTCCTTTTGTT

ATTTGGTTGGAAGTAATCAATAGTGGA

GTCAAGAACAGGTTTGGGTGTGAAGTA

ACGGGAGTGGTAGGAGAAGGGTTGGG

GGATTGTATGGCGGGAGGAGTAGTTT

ACATATGGGTCATAGGTTAGGGCTGTG

GCCTTTGTTACAAAGTTATCATCTAGAA

TAACAGCAGTGGAGCCCACTCCCCTAT

CACCCTGGGTGATGGGGGAGCAGGG

CCAGAATTCAACCTTAACCTTTCTTATT

CTGTAGTATTCAAAGGGTATAGAGATT

TTGTTG 
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Continuation Supplementary Table 1. Overview of target regions of primers for 

probe synthesis and ordered probes. Primers for the construction of RNA probes are 

marked in yellow (sense primer) and red (anti-sense primer). Commercially produced 

RNA/DNA probes are marked in green. Deviations are marked in blue. Overlapping 

regions are marked in italics. 

 

Virus and 

according 

GenBank 

accession 

number 

Sequence of 

primers used 

for RNA 

probe 

synthesis 

(Eurofins 

Genomics 

GmbH) 

Sequence of 

commercially 

produced 

digoxigenin-

labeled DNA/ 

RNA probes 

(Eurofins 

Genomics GmbH) 

Covered region by the RNA probe mix 

(ViewRNA TYPE 1 Probe Sets; Thermo 

Fisher Scientific; underlined) 

Porcine 

circovirus 

type 2 

 

GenBank: 

AF027217 

 

  GTCCCCCCTCCCGGGGGAACAAAGTC

GTCAATATTAAATCTCATCATGTCCACC

GCCCAGGAGGGCGTTCTGACTGTGGT

AGCCTTGACAGTATATCCGAAGGTGC

GGGAGAGGCGGGTGTTGAAGATGCCA

TTTTTCCTTCTCCAACGGTAGCGGTGG

CGGGGGTGGACGAGCCAGGGGCGGC

GGCGGAGGATCTGGCCAAGATGGCTG

CGGGGGCGGTGTCTTCTTCTGCGGTA

ACGCCTCCTTGGATACGTCATAGCTGA

AAAC3´ 



5 Porcine bocavirus infection associated with encephalomyelitis in a pig 

 

70 

 

5 Porcine bocavirus infection associated with 

encephalomyelitis in a pig 

 

Pfankuche VM, Bodewes R, Hahn K, Puff C, Beineke A, Habierski A, Osterhaus AD, 

Baumgärtner W. 

 

Emerging Infectious Diseases 2016 Jul;22(7):1310-1312 

https://wwwnc.cdc.gov/eid/ 

DOI: 10.3201/eid2207.152 

 

 

Author contributions: 

Laboratory work and analyses: Pfankuche [necropsy (procedure and analysis), 

histology (procedure and analysis), immunohistochemistry (analysis), in situ 

hybridization (procedure and analysis)], Bodewes, Hahn, Beineke, Habierski  

Scientific writing: Pfankuche, Bodewes, Puff, Baumgärtner 

Scientific design: Puff, Osterhaus, Baumgärtner 

Support: Osterhaus, Baumgärtner 

All authors critically revised the manuscript 



6 Neuronal vacuolization in feline panleukopenia virus infection 

 

71 

 

6 Neuronal vacuolization in feline panleukopenia virus 

infection 

 

Pfankuche VM#, Jo WK#, van der Vries E, Jungwirth N, Lorenzen S, Osterhaus 

ADME, Baumgärtner W, Puff C 

 

Feline panleukopenia virus (FPV) infections are typically associated with anorexia, 

vomiting, diarrhea, neutropenia, and lymphopenia. In cases of late prenatal or early 

neonatal infections, cerebellar hypoplasia is reported in kittens. In addition, single 

cases of encephalitis are described. FPV replication was recently identified in 

neurons, although it is mainly found in cells with high mitotic activity. A female cat, 2 

months old, was submitted to necropsy after it died with neurologic deficits. Besides 

typical FPV intestinal tract changes, multifocal, randomly distributed intracytoplasmic 

vacuoles within neurons of the thoracic spinal cord were found histologically. Next-

generation sequencing identified FPV-specific sequences within the central nervous 

system. FPV antigen was detected within central nervous system cells, including the 

vacuolated neurons, via immunohistochemistry. In situ hybridization confirmed the 

presence of FPV DNA within the vacuolated neurons. Thus, FPV should be 

considered a cause for neuronal vacuolization in cats presenting with ataxia. 

 

Veterinary Pathology  2018 Mar;55(2):294-297. 

http://journals.sagepub.com/ 

DOI: 10.1177/0300985817738096 

 

#Both of these authors contributed equally to this work 

 

 

 

 



6 Neuronal vacuolization in feline panleukopenia virus infection 

 
 

72 

 

Author contributions: 

Laboratory work and analyses: Pfankuche [histology (analysis), 

immunohistochemistry (analysis), in situ hybridization (procedure and analysis), data 

analysis], Jo, Jungwirth, Lorenzen 

Scientific writing: Pfankuche, Jo 

Scientific design: van der Vries, Osterhaus, Baumgärtner, Puff 

Support: van der Vries, Osterhaus, Baumgärtner, Puff 

All authors critically revised the manuscript 



7 Batai virus infection associated with encephalitis in a harbor seal (Phoca vitulina), Germany, 2016 

 

73 

 

7 Batai virus infection associated with encephalitis in a 

harbor seal (Phoca vitulina), Germany, 2016 

 

Wendy K. Jo1,7*, Vanessa M. Pfankuche2,7*, Annika Lehmbecker2, Byron Martina5, 

Ana Rubio-Garcia6, Stefanie Becker3, Jochen Kruppa4, Klaus Jung4, Daniela Klotz2, 

Julia Metzger4, Martin Ludlow1, Wolfgang Baumgärtner2,7, Erhard van der Vries1,7#, 

Albert Osterhaus1,5,7 

 

1. Research Center for Emerging Infections and Zoonoses, University of 

Veterinary Medicine, Hannover, Germany (TiHo-RIZ) 

2. Department of Pathology, University of Veterinary Medicine, Hannover, 

Germany (TiHO-Pathology)  

3. Institute for Parasitology, University of Veterinary Medicine, Hannover, 

Germany 

4. Institute for Animal Breeding and Genetics, University of Veterinary Medicine, 

Hannover, Germany 

5. Artemis One Health, Delft, The Netherlands  

6. Seal Centre Pieterburen, The Netherlands 

7. Center for Systems Neuroscience, Hannover 

 

* These first authors contributed equally to this manuscript. 

# Current address: Department of Infectious Diseases & Immunology, Faculty of 

Veterinary Medicine, section virology, Utrecht University, Utrecht, The Netherlands 

 

Address for correspondence: Albert Osterhaus, Research Center for Emerging 

Infections and Zoonoses (RIZ), University of Veterinary Medicine, Bünteweg 17, 

Hannover D-30559, Germany; e-mail:  Albert.Osterhaus@tiho-hannover.de 

 

 

mailto:Albert.Osterhaus@tiho-hannover.de


7 Batai virus infection associated with encephalitis in a harbor seal (Phoca vitulina), Germany, 2016 

 
 

74 

 

Author contributions: 

Laboratory work and analyses: Jo, Pfankuche [histology (analysis), 

immunohistochemistry (analysis), in situ hybridization (procedure and analysis)], 

Lehmbecker, Klotz, van der Vries, Metzger, Becker, Martina, Rubio-Garcia, Jung, 

Kruppa 

Scientific writing: Jo, Pfankuche 

Scientific design: Ludlow, Baumgärtner, van der Vries, Osterhaus 

Support: Ludlow, Baumgärtner, van der Vries, Osterhaus 

All authors critically revised the manuscript 

  



7 Batai virus infection associated with encephalitis in a harbor seal (Phoca vitulina), Germany, 2016 

 
 

75 

 

Abstract  

Batai virus (BATV) was isolated from the brain of a euthanized 26-year-old captive 

harbor seal with meningo-encephalomyelitis in Germany, providing first evidence that 

BATV can naturally infect the central nervous system of a mammal. The full genome 

sequence of this Orthobunyavirus showed differences from a previously reported 

German mosquito isolate. 

 

Batai virus (BATV) is a member of the Bunyamwera serogroup of orthobunyaviruses 

of the family Bunyaviridae. Orthobunyaviruses are single-stranded negative-sense 

RNA viruses with a tripartite genome, comprising the S, M, and L segments, 

encoding the nucleocapsid, glycoproteins, and polymerase, respectively (1). These 

can be interchanged between viruses of the same genus resulting in stable 

reassortant bunyaviruses. For instance, the Ngari virus genome consists of segments 

from both BATV and Bunyamwera virus (BUNV). Ngari virus is associated with 

outbreaks of hemorrhagic fever in humans showing a clinical spectrum different from 

that of both parental viruses (2). BATV has been documented to cause mild illness in 

ruminants and humans (3,4). Other hosts include domestic pigs and wild birds (3). 

BATV is mainly transmitted by Anopheles and Culex species, and is widely 

distributed throughout Europe, Asia, and Africa (3). In Germany, BATV was first 

detected in Anopheles maculipennis mosquitoes in 2009 (5), while enzootic 

transmission cycles into domestic and wildlife mammals was evidenced by a 

serological study, in which three out of 548 cattle (0.55%) showed BATV-neutralizing 

serum antibodies (6). Here we report natural BATV infection of two captive harbor 

seals (Phoca vitulina) in Germany, one of which had developed  

meningoencephalomyelitis.  

 

The Study 

In September 2016, a male 26 years old harbor seal (Phoca vitulina) in a Zoo in 

Northern Germany, showed peracute deterioration of its general condition. Due to 

progression and severity of illness, the seal was euthanized and the carcass was 

sent for necropsy to the Department of Pathology, TiHo. Macroscopically, beside 
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signs of agony, no gross lesions were detected. Histological examination revealed a 

mild to moderate, multifocal, perivascularly accentuated, lympho-histiocytic meningo-

encephalomyelitis, affecting cerebrum, cerebellum (Figure 2A), brain stem, medulla 

oblongata and cervical spinal cord. Histological analysis indicated a viral etiology. 

 

Routine immune-histochemical tests of the seal brain for the presence of 

morbilliviruses, Borna disease virus and tick-borne encephalitis virus (7), and 

immunofluorescence for rabies virus, performed by the Department of Consumer and 

Food Safety of Lower-Saxony, Hannover, Germany, yielded negative results (8). 

 

Therefore, virus isolation from homogenized brain was attempted in Vero cells. 

Cytopathic changes were observed within 3 days, which continued to emerge in 

subsequent passages (data not shown). To identify the pathogen, supernatant from 

the initial Vero cell isolation was investigated by deep sequencing using a modified 

sequence-independent, single-primer amplification (SISPA) protocol as previously 

described (9,10). Analysis of raw reads with Bowtie 2 V2.2.9 and Pauda V1.0.1 for 

DNA and amino acid mapping, respectively, identified the presence of BATV. A 

reference assembly for all three genome segments (GenBank accession No. for S: 

XX, M: XY and L: XZ) was performed using CLC Genomics Workbench 9.0 (Qiagen 

GmbH, Hilden, Germany). The isolated virus proved to be closely related to 

previously identified European BATV strains (Figure 1), but displayed the highest 

sequence homology to Russian strains (Nucleotide pairwise identity for S: 99%; M: 

98.6%, and L: 98.5%).  

 

Seal tissues (Table) were tested for the presence of BATV by real-time PCR (RT-

PCR) and fluorescent in situ hybridization (FISH) (5,11). A BATV-specific probe 

covering the partial S segment was designed for FISH experiments, performed 

according to the manufacturer’s protocol (QuantiGene ViewRNA ISH Tissue 1-Plex 

Assay Kit; QuantiGene ViewRNA Chromogenic Signal Amplification Kit; Affymetrix-

Panomics, Santa Clara, USA) with minor modifications (11). The highest viral load 

(RT-PCR) was found in the central nervous system (CNS), while lesion-associated 
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Purkinje cells and neurons of the granular cell layer of the cerebellum stained 

positive in FISH (Figure 2B). A cytoplasmic signal was also detected within single 

spinal cord neurons (Figure 2C). More limited BATV infection was found in peripheral 

organs with lowest Ct values in the intestine. BATV presence was also found in 

single cells of the tunica mucosa of the small intestine, and in cortical and medullary 

lymphocytes of the pulmonary lymph node by FISH (Figure 2D). Other organs tested 

negative in both assays. 

 

Additionally we performed a histopathological analysis of archived formalin-fixed 

paraffin-embedded (FFPE) organ samples of a seal that had shared the enclosure 

with the BATV infected seal, and had died two months before the euthanized seal 

showed the first clinical signs. Glomerular and tubular epithelial kidney cells (Online 

Technical Appendix Figure), cells of the tunica mucosa of the small intestine as well 

as cortical and medullary lymphocytes of the pulmonary lymph node stained positive 

for BATV by FISH (data not shown). These FFPE samples were not positive by RT-

PCR (data not shown), probably due to the low sensitivity of the assay on FFPE 

materials (12). 

 

Retrospective analysis of FFPE brain materials of seals (n=7) with histopathological 

changes suggestive of an unknown viral etiology, retrieved from harbor seals in 

German coastal waters in the last decade, all tested negative for BATV by FISH. 

Moreover, no BATV neutralizing antibodies (titer >20) were demonstrated in the 

screening of 100 sera from harbor seals and 100 sera from grey seals (Halichoerus 

grypus) collected in 2016 and 2017 upon admission to a Dutch seal rehabilitation 

center that covers seal populations that partially overlap those of German coastal 

waters.  

 

Conclusions 

We isolated and characterized BATV from the brain of a captive harbor seal in 

Germany that had suffered from a lympho-histiocytic meningo-encephalomyelitis, 

with evidence for virus replication in Purkinje cells, neurons, enterocytes and 
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lymphocytes in peripheral tissues. Evidence of BATV infection was also obtained for 

a second harbor seal that had died two months before in the same enclosure, by 

FISH carried out on the organs of this second seal. No further evidence was found 

for seals as natural hosts for BATV infection by investigating brains from seals with 

encephalitis in German coastal waters, and by conducting a sero-survey among free-

living harbor and grey seals. Results obtained from the two BATV infected animals 

indicate BATV circulation in the area during the mosquito season, with captive seals 

having acted as possible dead-end hosts. Since seals under natural circumstances in 

their tidal aquatic environment are most likely less exposed to mosquitos than those 

in captivity, the observed seal BATV infections may well be an unnatural captivity 

associated event. Phylogenetic analysis indicated that BATV isolated from the seal 

brain is different from a previous German mosquito isolate, and is more closely 

related to strains identified in Russia.  

 

This is the first documented BATV-associated CNS disease in a naturally infected 

mammal. Nevertheless, other orthobunyaviruses have also been shown to cross the 

blood-brain-barrier and display neurotropic properties (13). For instance, a virus from 

the same serogroup, BUNV, was recently associated to neurological disease and 

abortion in horses (14). Moreover, possible human BATV infection in endemic 

regions requires further investigation, since BATV infection of mammals including 

humans has been reported in Europe and in Sudan, respectively (3,4). Furthermore, 

BATV is the donor of the M-segment of Ngari virus, which causes hemorrhagic fever 

in humans (2). The two BATV-infected seals could have been exceptionally sensitive 

to BATV infection due to predisposing factors like advanced age, comorbidities, 

genetic predisposition or immunological deficiencies. This raises the question 

whether immune-compromised humans or other mammals may be at increased risk 

for developing neurological BATV infection. Collectively, the data presented call for 

increased surveillance of BATV infection in mosquitos, mammals, and birds in 

Europe.  
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Figure 1. Bayesian phylogeny based on full genome sequences of the segments S, 

M, and L from Batai virus. The analysis was run for 1 million generations and 

sampled every 100 steps with the first 25% samples discarded as burn-in in MrBayes 

(15). Hasegawa-Kishino-Yano nucleotide substitution model was selected as best-fit 

model according to bayesian information criteria. Numbers at the nodes indicate 

posterior probabilities percentage. Scale bar indicates nucleotide substitution per 

site. A: Coding region of S segments (69-770bp) with Bunyamwera (GenBank 

Accession No. D00353) as outgroup. B: Coding region of the M segment (42-

4346bp) with Bunyamwera (GenBank Accession No. M11852) as outgroup. C: 

Coding region of the L segment (49-6762bp) with Bunyamwera (GenBank Accession 

No. X14383) as outgroup. GenBank accession No. of the isolated seal BATV strain 

PV424/DE-2016: S, XX; M, XY; L, XZ. 
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Figure 2. Hematoxylin-eosin (HE) stained section and BATV fluorescent in situ 

hybridization (FISH) of the BATV-infected seals. A) The cerebellum of the first seal 

revealed a mild to moderate, perivascularly accentuated, lymphohistiocytic 

inflammation (HE; Scale bar = 200 µm). B) Purkinje cells and neurons of the granular 

cell layer of the first seal showed an intracytoplasmic BATV-specific pink positive 

signal using FISH shown in a close up in the insert (Fast Red; Scale bar: 200 µm). C) 

Within scattered neurons of the spinal cord of the first seal a strong pink 

intracytoplasmic BATV-specific signal was detected by FISH (Fast Red; Scale bar: 

100 µm). D). Cortical and medullary lymphocytes of the pulmonary lymph node of the 

first seal showed a mild pink intracytoplasmic BATV-specific signal detected by FISH 

(Fast Red; Scale bar: 20 µm).  
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Table: Major findings of the BATV-infected harbor seal with 
meningoencephalomyelitis* 

Sample 

material 
Histopathology RT-PCR (Ct) FISH 

Brain 

cerebrum, cerebellum, brain stem, medulla 

oblongata and cervical spinal cord: 

meningoencephalomyelitis, mild to moderate, 

multifocal, perivascularly accentuated, 

lymphohistiocytic 

parietal lobe: multiple glial nodules  

thoracic spinal cord: meningitis, mild to moderate, 

multifocal, perivascularly accentuated, 

lymphohistiocytic with few eosinophilic 

granulocytes 

cauda equina: perineuritis, moderate, multifocal, 

lymphohistiocytic 

Positive (15) Positive 

Lung 
anthracosis, mild, multifocal; hyperemia, acute, 

diffuse, severe; edema, acute, diffuse, moderate 

Negative 

(>35) 
Negative 

Spleen hyperemia, moderate to severe, diffuse 
Negative 

(35) 
Negative 

Kidney 
nephritis, mild, interstitial, lymphohistiocytic with 

single, intratubular concrements 

Negative 

(>35) 
Negative 

Pulmonary 

lymph 

node 

follicular hyperplasia, mild  NI Positive 

Mesenteric 

lymph 

node 

Follicular hyperplasia and hemosiderosis, mild to 

moderate 
NI Negative 

Liver 
hepatitis, mild, multifocal, lymphohistiocytic; 

hepatocellular  storage of iron, mild to moderate 

Negative 

(>35) 
Negative 

Small 

intestine 

enteritis, mild, diffuse, lymphoplasmacytic and 

partially eosinophilic 
Positive (28) Positive 

Large 

intestine 
NSML NI Negative 

Nose NSML NI Negative 

Heart NSML NI Negative 

Stomach NSML NI Negative 
 
*RT-PCR, Real-Time PCR; Ct value, threshold cycle; Negative: Ct >35; Positive: Ct≤ 
35; FISH, fluorescent in situ hybridization; NI: Not investigated; NSML: no significant 
microscopic lesions 
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Batai virus infection associated with encephalitis in a 
harbor seal (Phoca vitulina), Germany, 2016 

 

 

 
Technical Appendix Figure. Batai virus fluorescent in situ hybridization (FISH) of 

the kidney of the seal 2. A) Cells within glomeruli and tubular epithelial cells of the 

second seal that died due to renal failure revealed a mild pink intracytoplasmic 

BATV-specific signal detected by FISH shown in a close up in the insert (Fast Red; 

Scale bar: 20 µm). B) Kidney tissue of the second seal as negative control (Non-

probe incubation; Scale bar: 20 µm). 
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Postel A, Hansmann F, Baechlein C, Fischer N, Alawi M, Grundhoff A, Derking S, 

Tenhündfeld J, Pfankuche VM, Herder V, Baumgärtner W, Wendt M, Becher P 

 

Pestiviruses are highly variable RNA viruses belonging to the continuously growing 

family Flaviviridae. A genetically very distinct pestivirus was recently discovered in 

the USA, designated atypical porcine pestivirus (APPV). Here, a screening of 369 

sera from apparently healthy adult pigs demonstrated the existence of APPV in 

Germany with an estimated individual prevalence of 2.4% and ~10% at farm level. 

Additionally, APPV genomes were detected in newborn piglets affected by congenital 

tremor (CT), but genomes were absent in unaffected piglets. High loads of genomes 

were identified in glandular epithelial cells, follicular centers of lymphoid organs, the 

inner granular cell layer of the cerebellum, as well as in the trigeminal and spinal 

ganglia. Retrospective analysis of cerebellum samples from 2007 demonstrated that 

APPV can be found in piglets with CT of unsolved aetiology. Determination of the first 

European APPV complete polyprotein coding sequence revealed 88.2% nucleotide 

identity to the APPV sequence from the USA. APPV sequences derived from 

different regions in Germany demonstrated to be highly variable. Taken together, the 

results of this study strongly suggest that the presence of APPV genomes in newborn 

piglets correlates with CT, while no association with clinical disease could be 

observed in viremic adult pigs. 

 

Scientific Reports 2016 Jun 13;6:27735. 

http://www.nature.com/ 

DOI: 10.1038/srep27735 
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Elegant-crested tinamou (Eudromia elegans), Germany 

 

Jo WK#, Pfankuche VM#, Petersen H, Frei S, Kummrow M, Lorenzen S, Ludlow M, 

Metzger J, Baumgärtner W, Osterhaus A, van der Vries E 

 

In 2015, we identified an avian hepatitis B virus associated with hepatitis in a group 

of captive elegant-crested tinamous (Eudromia elegans) in Germany. The full-length 

genome of this virus shares <76% sequence identity with other avihepadnaviruses. 

The virus may therefore be considered a new extant avian hepadnavirus. 
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10 Pathological findings in the red fox (Vulpes vulpes), stone 

marten (Martes foina) and raccoon dog (Nyctereutes 

procyonoides), with special emphasis on infectious and 

zoonotic agents in Northern Germany 

 

Lempp C, Jungwirth N, Grilo ML, Reckendorf A, Ulrich A, van Neer A, Bodewes R, 

Pfankuche VM, Bauer C, Osterhaus AD, Baumgärtner W, Siebert U. 

 

Anthropogenic landscape changes contributed to the reduction of availability of 

habitats to wild animals. Hence, the presence of wild terrestrial carnivores in urban 

and peri-urban sites has increased considerably over the years implying an 

increased risk of interspecies spillover of infectious diseases and the transmission of 

zoonoses. The present study provides a detailed characterisation of the health status 

of the red fox (Vulpes vulpes), stone marten (Martes foina) and raccoon dog 

(Nyctereutes procyonoides) in their natural rural and peri-urban habitats in 

Schleswig-Holstein, Germany between November 2013 and January 2016 with focus 

on zoonoses and infectious diseases that are potentially threatening to other wildlife 

or domestic animal species. 79 red foxes, 17 stone martens and 10 raccoon dogs 

were collected from traps or hunts. In order to detect morphological changes and 

potential infectious diseases, necropsy and pathohistological work-up was 

performed. Additionally, in selected animals immunohistochemistry (influenza A virus, 

parvovirus, feline leukemia virus, Borna disease virus, tick-borne encephalitis, canine 

adenovirus, Neospora caninum, Toxoplasma gondii and Listeria monocytogenes), 

next-generation sequencing, polymerase chain reaction (fox circovirus) and serum-

neutralisation analysis (canine distemper virus) were performed. Furthermore, all 

animals were screened for fox rabies virus (immunofluorescence), canine distemper 

virus (immunohistochemistry) and Aujeszky's disease (virus cultivation). The most 

important findings included encephalitis (n = 16) and pneumonia (n = 20). None of 

the investigations revealed a specific cause for the observed morphological 

alterations except for one animal with an elevated serum titer of 1:160 for canine 

distemper. Animals displayed macroscopically and/or histopathologically detectable 
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infections with parasites, including Taenia sp., Toxocara sp. and Alaria alata. In 

summary, wildlife predators carry zoonotic parasitic disease and suffer from 

inflammatory diseases of yet unknown etiology, possibly bearing infectious potential 

for other animal species and humans. This study highlights the value of monitoring 

terrestrial wildlife following the "One Health" notion, to estimate the incidence and the 

possible spread of zoonotic pathogens and to avoid animal to animal spillover as well 

as transmission to humans. 
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11 General Discussion 

The present work deals with the comparison of different in situ hybridization (ISH) 

techniques and their usefulness for virus discovery with special emphasis on 

neurotropic viruses.  

ISH is a useful technique to check for potential viral pathogenicity by intralesional 

visualization of viral nucleic acids. Furthermore, the fulfillment of Koch’s postulates 

becomes more and more impeded by the enormous number of newly detected 

viruses of which several cannot be isolated to perform such studies and/or show 

altered behavior like attenuation in cell culture systems which may result in an altered 

viral phenotype in vivo (Fredricks and Relman, 1996, Byrd and Segre, 2016, Prescott 

et al., 2017, Hamburger et al., 1991).  

The work is composed of a technical part, analyzing three different ISH procedures 

and their efficacy for the visualization of eight different viruses in various tissues. 

Results of the study were applied to the detection of additional five novel viruses and 

viruses with altered distribution patterns using ISH. The latter include porcine 

bocavirus in the central nervous system (CNS) of a pig suffering from 

encephalomyelitis, feline panleukopenia virus in a cat with neuronal vacuolization 

and ataxia, atypical porcine pestivirus in the CNS of piglets with congenital tremor, 

avian hepadnavirus in a tinamou and Batai virus in a seal suffering from 

meningoencephalomyelitis. Furthermore, the work includes a study on pathological 

findings in the red fox (Vulpes vulpes), stone marten (Martes foina) and raccoon dog 

(Nyctereutes procyonoides), with special emphasis on infectious and zoonotic agents 

in Northern Germany. A common point in these studies refers to the detection of viral 

pathogens in animals and their visualization within lesioned target tissues using ISH 

for newly discovered pathogens. 

 

11.1 Comparison of different in situ hybridization techniques 

The comparison of three different ISH techniques includes use of (i) self-designed 

RNA probes, (ii) commercially produced DNA probes and (iii) a commercially 
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available RNA probe mix. This investigation showed that ISH procedures vary in 

detection rate and the choice of the ISH procedure has to be decided on a case-by-

case basis. The RNA probe mix displays a high detection rate for the detection of 

RNA and DNA viruses in different tissues. The RNA probe mix showed a detection 

rate of 100% for DNA viruses (3 out of 3) and 80% for RNA viruses (4 out of 5) 

resulting in 87.5% for all viruses tested (7 out of 8). However, the method is 

expensive (60€ per slide) and long order times may delay a rapid application for early 

virus detection, which is especially important in cases of emerging viruses. In 

comparison, ISH using self-designed RNA probes is cheaper (10€ per slide) and 

slightly faster, but renders poor results for the detection of RNA viruses with a 

detection rate of 40% (2 out of 5), which is in contrast to a study on canine distemper 

virus specific probes for the detection of canine distemper in in vitro infected Vero 

cells and in tissues of dogs with spontaneous CDV infection. The latter reports the 

high efficacy of single-stranded RNA probes in the detection of canine distemper 

virus in contrast to DNA probes (Gaedke et al., 1997). However, the use of self-

designed RNA probes reveals satisfying results for the detection of DNA viruses with 

a detection rate of 66.67%, which were similar to the results obtained by the use of 

ordered DNA probes. This benefit of self-designed RNA and ordered DNA probes for 

the detection of DNA viruses has already been reported for the detection of canine 

parvovirus and porcine circovirus 2 (Schaudien et al., 2010, Jacobsen et al., 2009). 

Due to the time-saving aspect, ordered DNA probes display a very feasible probe 

type for the detection of DNA viruses. However, the detection rate achieved by 

applying the RNA probe mix was much higher.  

 

11.2 Detection of porcine bocavirus 

Porcine bocavirus belongs to the genus Bocaparvovirus, which contains small non-

enveloped viruses with a linear single-stranded (ss) DNA genome of approximately 5 

kb within the subfamily Parvovirinae. So far they have been detected in humans 

(Allander et al., 2005) and several animal species (Manteufel and Truyen, 2008), 

including pigs (Yoo et al., 2015), dogs (Bodewes et al., 2014), foxes (Bodewes et al., 
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2013), cats (Lau et al., 2012), pine martens (van den Brand et al., 2012), gorillas 

(Kapoor et al., 2010), bats (He et al., 2013) and California sea lions (Li et al., 2011). 

The name was created according to the initials of the eponymous members, canine 

minute virus and bovine parvovirus which have been known since the 1960s 

(Manteufel and Truyen, 2008). To date detected bocaparvoviruses are mainly known 

to be associated with respiratory and enteric disorders in humans and animals 

(Manteufel and Truyen, 2008, Bodewes et al., 2014, Piewbang et al., 2018). In 

addition reproductive disorders including embryonic or fetal death after transplacental 

infections and abortions have been described (Manteufel and Truyen, 2008). 

Interestingly, human bocaviruses were recently found in the cerebrospinal fluid of 

patients suffering from encephalitis (Mori et al., 2013, Mitui et al., 2012, Yu et al., 

2013). Two closely related viruses, human parvovirus 4 (Prakash et al., 2015, 

Benjamin et al., 2011) and human parvovirus B19 (Barah et al., 2014) have already 

been detected in the cerebrospinal fluid in humans, indicating a possible role for 

bocaparvoviruses in the development of CNS disorders, maybe due to an altered 

viral tropism as a mutational consequence. 

In pigs, bocavirus was first described as porcine bocalike virus in 2009. The agent 

was isolated from lymph nodes of Swedish pigs suffering from post-weaning 

multisystemic wasting syndrome (Blomström et al., 2009). In the following years, 

several further porcine bocavirus strains were isolated from pigs worldwide as a 

potential emerging pathogen, mainly within lung, intestine and fecal samples as well 

as in nasopharyngeal swabs, often in combination with other pathogens (McKillen et 

al., 2011, Cadar et al., 2011, Zhang et al., 2013). Porcine bocavirus might invade 

these tissues and cause respiratory and enteric diseases, although its pathogenicity 

is discussed controversially (Zhou et al., 2014). Similar to human bocavirus, which 

has been isolated primarily in children younger than 2 years of age suffering from 

respiratory disorders (Weissbrich et al., 2006, Ma et al., 2006, Sloots et al., 2006), 

porcine bocavirus is thought to act as an emerging virus for swine respiratory tract 

infections in weanling piglets (Zhai et al., 2010).  

Porcine bocavirus sequences were detected in the CNS of a pig suffering from 

mononuclear encephalomyelitis using next generation sequencing (NGS), following 
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an exclusion of known neurotropic viruses in pigs in the present study. As a DNA 

virus, self-designed RNA and commercially produced DNA probes were used to 

attempt to detect the virus in the cervical spinal cord. However, both techniques 

failed to detect the pathogen, although these techniques provide good results in the 

detection of other DNA viruses, as seen in the comparative analysis. This might be 

due to a lower intralesional viral load compared to other tested DNA viruses including 

PCV-2 and canine bocavirus 2. However, using the RNA probe mix, porcine 

bocavirus was detected in the cytoplasm and nucleus of single neurons in direct 

vicinity to lesions. A PCR negative animal and a non-probe incubation served as 

negative controls to exclude false positive results. This detection substantiated a 

cause-effect relationship of porcine bocavirus in the pathogenesis of 

encephalomyelitis and underlined the high detection rate of the commercially 

available RNA probe mix system.  

 

11.3 Intraneuronal detection of feline panleukopenia virus in a cat with 

neuronal vacuolization 

Feline panleukopenia virus (FPV) is a small, non-enveloped, single-stranded DNA 

virus of the family Parvoviridae which is able to infect members of the family Felidae, 

Mustelidae, Procyonidae, Canidae, and Viverridae including domestic cats, minks, 

raccoons, ring-tailed cats and foxes (Barker et al., 1983, Steinel et al., 2001, Stuetzer 

and Hartmann, 2014).  

Following initial virus replication within the oropharynx, viremia results in virus 

distribution, primarily in tissues with high mitotic rates, such as bone marrow, 

intestinal crypt epithelium and lymphoid tissues, associated with anorexia, 

lymphopenia, vomiting and diarrhea (Addie et al., 1996, Stuetzer and Hartmann, 

2014, Litster and Benjanirut, 2014). Fetal or neonatal FPV infections in cats are often 

associated with CNS malformations, especially cerebellar hypoplasia, by the infection 

of neuroblasts of the external granular layer during cerebellar development which 

takes place during late gestation and early neonatal phase (Aeffner et al., 2006, 

Csiza et al., 1971, Csiza et al., 1972, Resibois et al., 2007). 
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The present work describes FPV detection in a cat suffering from ataxia, showing 

intraneuronal vacuoles in the spinal cord. ISH is used to visualize viral genome and 

mRNA within affected neurons. Self-designed sense and anti-sense RNA probes 

were used for the procedure. The sense probe, which detects viral genomic DNA, 

shows a positive signal in affected neurons. Furthermore, the cytoplasm of glial and 

endothelial cells of the spinal cord stained positive. The anti-sense probe detected 

viral mRNA additionally within endothelial cells. 

This case again shows the high detection rate of RNA probes for the detection of 

DNA viruses, which has already been reported before for the detection of canine 

parvovirus in the CNS of dogs (Schaudien et al., 2010). The detectability of canine 

parvovirus using self-designed RNA probes (Schaudien et al., 2010) corresponds to 

the observation of the comparative ISH study in which RNA probes revealed a 

positive signal in two of three DNA virus infected animals. For further substantiation 

and detection of feline panleukopenia virus antigen, immunohistochemistry was 

performed. As the present case represents the detection of a virus known for a long 

time, antibodies are commercially available (Schaudien et al., 2010). The combined 

use of ISH with sense and anti-sense probes and immunohistochemistry for the 

detection of nucleic acids and proteins of viruses with new manifestation patterns 

helps to understand virus pathogenesis as they reveal evidence of viral replication 

and translation and help to discriminate between latent and active infections. The 

sense FPV RNA probe detects parvovirus genomic DNA, whereas the anti-sense 

probe detects cytoplasmic viral mRNA and intranuclear monomer replicative 

intermediate strands (Schaudien et al., 2010). The combination of a positive signal 

using immunohistochemistry and ISH using the anti-sense probe proves transcription 

and translation.  

FPV has been detected in neurons other than Purkinje cells, by ISH using a 

digoxigenin-labeled, minus-sense, single-stranded RNA probe, before (Url et al., 

2003). Immunohistochemistry for FPV antigen showed similar results, although co-

localization of nucleic acid and protein was rare, which might be due to a different 

sensitivity of methods (Url et al., 2003). In another study, the detection of canine 

parvovirus in myocytes of dogs suffering from myocarditis was performed using a 
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commercially available RNA Z-linked probe system (ACD RNAscope, Hayward, 

Canada), which is similar to the system of Thermo Fisher Scientific (Ford et al., 

2017). Surprisingly, the detected canine parvovirus specific ISH signal was far more 

abundant compared to the signal achieved using immunohistochemistry (Ford et al., 

2017). This finding substantiates the high detection rate of commercially available 

RNA probe systems for DNA viruses. Furthermore, the finding is similar to the results 

of the ISH comparison study, in which the RNA probe system reveals the largest 

positive cell-associated area compared to RNA and DNA probes. 

 

11.4 Detection of Batai virus in a seal suffering from 

meningoencephalomyelitis 

Another chapter of the present thesis describes a case of a seal suffering from 

meningoencephalomyelitis. Following exclusion of known neurotropic viruses, virus 

isolation from CNS tissue and subsequent NGS of cell culture supernatant reveals 

sequences of Batai virus.  

Batai virus is an Arbovirus, which is known since 1955. It was isolated from Culex 

gelidus in Kuala Lumpur and belongs to the family Bunyaviridae and the genus 

Orthobunyavirus (Hubalek, 2008, Jöst et al., 2011). Batai virus replicates in 

arthropods and vertebrates and has been detected in Asia, Africa and Europe 

(Hubalek, 2008). Batai virus infections have been reported in several vertebrate 

species including horses, pigs and ruminants as well as several birds, usually 

restricted to mild illness in ruminants and humans (Hubalek, 2008, Nashed et al., 

1993, Jöst et al., 2011). The reassortment of Batai virus and Bunyamwera virus, 

another species of the genus Orthobunyavirus, was furthermore described to result in 

the Ngari bunyavirus which causes outbreaks of hemorrhagic fever in East Africa 

(Gerrard et al., 2004). Circulation of Batai virus in mosquitoes in Germany has been 

proven before (Jöst et al., 2011). Furthermore, Batai virus antibodies were detected 

in German bovines although the seroprevalence was low with 0.55% (Hofmann et al., 

2015). 
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The lacking detectability of RNA viruses using self-designed RNA probes, supports 

the use of an RNA probe mix for ISH of the CNS of seals. Furthermore, there are 

reports of the detection of Cache Valley virus, another Orthobunyavirus, in an 

experimental infection of ovines using self-designed digoxigenin-labeled DNA probes 

in different tissues (Rodrigues Hoffmann et al., 2012). In this study, fetal membranes 

lacked virus specific nucleic acids, although viral antigen was found (Rodrigues 

Hoffmann et al., 2012). Besides degradation of nucleic acids due to post mortem 

artifacts and/or fixation, also a low sensitivity of used probes for RNA virus detection 

should be considered in this case.  

Applying the RNA probe mix, Batai virus was found adjacent to histologically 

detected changes in inflamed organs of the seal. This result substantiated a potential 

cause-effect relationship between Batai virus infection and 

meningoencephalomyelitis in seals. Furthermore, viral nucleic acids were detected 

within cortical and medullary lymphocytes of the pulmonary lymph node and the 

tunica mucosa of the small intestine. Nevertheless, serological tests for Batai virus 

failed to detect neutralizing antibodies in sera of 100 harbor and 100 grey seals that 

were collected from animals of a Dutch seal rehabilitation center. In addition, ISH of 

the CNS of 8 seals with similar CNS lesions, were negative. However, ISH of a seal 

from the same zoo which died 2 months earlier due to acute renal failure exhibited a 

positive reaction for Batai virus in kidney, pulmonary lymph node and small intestine. 

RT-PCR of formalin-fixed paraffin embedded tissue failed to detect Batai virus in the 

partner animal, which substantiated the high detection rate of the RNA probe mix for 

the detection of viruses, compared to the known problems of RT-PCR on FFPE 

material (Bodewes et al., 2016). Nevertheless, also other factors, like virus 

distribution, have to be considered as a potential cause for the false negative result 

using RT-PCR, as single cells with a high viral load might be detectable by ISH 

whereas RT-PCR fails to detect the virus (Hahn et al., 2013). Postmortem changes 

had only little or no effect on ISH efficacy as tested for several probes used for the 

detection of canine distemper virus (Gaedke et al., 1997). 

The correlation of Batai virus specific signals using ISH to histologically detected 

lesions within the CNS assigns seal Batai virus a potential role in provoking CNS 
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alterations in seals. Whether Batai virus in single cells of the tunica mucosa of the 

small intestine caused the lymphocytic to plasmacellular enteritis remains unknown, 

due to the high number of etiological differential diagnoses leading to similar 

histologic alterations. The positive signal within the pulmonary lymph node might be 

due to viremia. The restriction of Batai virus to peripheral organs in the seal that died 

earlier might be due to an early stage of disease, as only minimal CNS alterations 

(mild, focal, lymphohistiocytic meningitis) were detected in this animal.  

Summarized, the detection of Batai virus using ISH indicates a potential role of this 

pathogen as a neurotropic virus in seals causing meningoencephalomyelitis. 

Furthermore, several other Orthobunyaviruses, including Schmallenberg virus, are 

known to cross the blood-brain barrier resulting in CNS lesions (Hahn et al., 2013, 

Varela et al., 2013). Additionally, seals have to be assumed as a potential Batai virus 

reservoir for other species maybe including humans (Hubalek, 2008). Nevertheless, 

predisposing factors, like age, immune-deficiencies, captivity with an increased 

exposure to mosquitoes compared to wild seals, comorbidities or genetic 

predispositions in the diseased seals have to be taken into account. 

 

11.5 Detection of atypical porcine pestivirus in piglets suffering from 

congenital tremor 

Congenital tremor was first described in 1922 (Kinsley, 1922) and is divided in six 

different types. Types AI-AV are associated with detectable morphological lesions in 

the CNS which are lacking in type B (Done and Harding, 1967).  

Atypical porcine pestivirus (APPV) was first described in 2015 in the USA in 

apparently healthy domestic pigs (Hause et al., 2015). Its association with congenital 

tremor type AII in piglets was demonstrated in an animal experiment in pigs (Arruda 

et al., 2016). So far, little was known about the role of APPV in Germany and its 

actual role in this syndrome requires still further studies. NGS and PCR analysis 

revealed sequences of APPV in pigs suffering from congenital tremor in Germany. To 

substantiate these results and to obtain more insights in the pathogenesis, ISH was 

performed on several tissues of diseased pigs. ISH yielded no signal using a self-
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designed sense and anti-sense RNA probe. However, application of the RNA probe 

mix and the commercially available buffer system results in a positive reaction 

confirming impressively the high detection rate of this detection tool. ISH results were 

similar to obtained qRT-PCR results, demonstrating the highest viral loads in glands 

of the Arcus palatoglossus and the mandibular lymph node. Furthermore, all 

cerebellar samples of clinically affected piglets were positive for APPV. However, 

pathomorphological correlates within the cerebellum, predominantly due to the lack 

of histologically detectable lesions, were missing.  

 

11.6 Detection of new avian hepadnavirus in a tinamou 

Liver tissue of a tinamou suffering from necrotizing hepatitis was used for NGS 

analysis and revealed avian hepadnavirus specific sequences. Avian hepadnavirus is 

an enveloped, partially double-stranded DNA virus of the family Hepadnaviridae. 

Hepadnaviruses are described in several avian species, including ducks and goose 

(Bidin et al., 2014). They are known to exhibit a strong hepatotropism (Funk et al., 

2007). Nevertheless, pathogenetically, hepadnavirus infections of adult ducks are 

associated with viremia (Bidin et al., 2014, Jilbert et al., 1998) possibly leading to 

virus detection in morphologically unaffected organs. Furthermore, as seen in the 

case of APPV, virus distribution is not always correlated to histological alterations as 

APPV genome was detected in the histologically unaffected cerebellum. In addition, 

other viruses like adenoviruses, including canine adenovirus 1 (Caudell et al., 2005) 

and orthobunyaviruses, including Rift Valley fever virus (Ikegami and Makino, 2011) 

are known to induce hepatic and CNS alterations. Thus, several tissues including the 

CNS of the tinamou were tested for avian hepadnavirus sequences. Besides the 

liver, avian hepadnavirus was also detected within kidneys and testis but not in the 

CNS of the investigated tinamou by ISH. Furthermore, the liver of a tinamou embryo 

stained positive for avian hepadnavirus lacking histological lesions. Nevertheless, the 

high detection rate of the commercially available RNA probe mix was again 

demonstrated by detection of a newly discovered, partially double-stranded DNA 

virus.  



11 General Discussion 

100 

 

11.7 Detection of pathogens in red foxes, stone martens and raccoon 

dogs 

A study on pathogens in 79 foxes, 17 stone martens and 10 raccoon dogs which 

were trapped and euthanized during the hunting season or found dead in the state of 

Schleswig-Holstein was performed. 

11.4% of investigated foxes, 23.5% of stone martens and 30% of examined raccoon 

dogs revealed a mild to moderate, multifocal, mostly lymphohistiocytic perivascular 

encephalitis with few plasma cells. Rabies virus (immunofluorescence) and 

Aujeszky’s disease (virus cultivation) were excluded as potential causes. To 

investigate the etiology of these encephalitides, all cases were further investigated by 

immunohistochemistry for common pathogens inducing encephalitides in carnivores. 

Immunohistochemistry was negative for canine distemper virus, Borna virus, feline 

leukemia virus, parvovirus, tick-borne encephalitis virus, influenza A virus, canine 

adenovirus, Listeria monocytogenes, Neospora caninum and Toxoplasma gondii 

antigen, pathogens which are known to induce CNS lesions (Beineke et al., 2015, De 

Craeye et al., 2011, Schroeder and van Rensburg, 1993, Schaudien et al., 2010, 

Wang et al., 2010, Bourg et al., 2016, Weissenböck et al., 1998, Schwab et al., 2007, 

Wurm et al., 2000, Caudell et al., 2005, Hurtrel et al., 1992). Furthermore, Ziehl-

Neelsen staining for visualization of Encephalitozoon cuniculi spores (Csokai et al., 

2009) was negative. CNS tissue of six affected foxes underwent analysis by NGS. 

However, no significant specific viral sequences were detected. Furthermore, all 

foxes suffering from non-suppurative encephalitis were tested for fox circovirus DNA 

using real-time polymerase chain reaction (Bexton et al., 2015), revealing negative 

results. Thus, etiology of mononuclear encephalitis remains undetermined, despite 

the use of NGS and additional investigations for typical neurotropic viruses. 

Furthermore, indirect infectious mechanisms including molecular mimicry of 

pathogens or autoimmune disorders have to be considered as potential causes 

(Getts et al., 2013). Interestingly, NGS analysis of the brain tissues of two foxes with 

meningoencephalitis revealed scant numbers of reads that were similar to members 

of the family Anelloviridae. For example, Torque Teno-like mini virus, a member of 
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the family Anelloviridae, shows a prevalence of 72% in 137 sera from volunteer 

Brazilian blood donors by PCR (Niel and Lampe, 2001). Anelloviridae are associated 

with hepatic, respiratory or immune system disorders and a disease-inducing 

potential is discussed (Hino and Miyata, 2007, Maggi and Bendinelli, 2010, Manzin et 

al., 2015, Spandole et al., 2015). Nevertheless, their role as causative agent for 

detected encephalitides is unlikely as they are ubiquitously distributed, as seen in the 

abovementioned study on volunteer blood donors (Hino and Miyata, 2007, Maggi and 

Bendinelli, 2010, Spandole et al., 2015, Niel and Lampe, 2001). Thus, present 

Anelloviridae detection seems to be a secondary, epiphenomenal response.  

 

11.8 Concluding comments 

The results of the technical comparison of different in situ hybridization techniques for 

the detection of eight viruses were applied to a series of newly discovered viruses. 

Previous studies by others on the comparison of CISH and FISH revealed similar 

results for the detection of Epstein-Barr virus and Cytomegalovirus in human FFPE 

samples. In the previous investigation FISH exhibited a higher sensitivity compared 

to other ISH methods and immunohistochemistry (Roe et al., 2017). In contrast, a 

comparative study of the detection of mouse double minute 2 (MDM2) oncogene in 

human adipocytic tumors using FISH and CISH revealed no differences in sensitivity 

(Mardekian et al., 2015). However, the study was using a different FISH technique 

without amplification steps and Fast Red as a substrate for a commercially available 

CISH-kit (Mardekian et al., 2015). Nevertheless, the latter findings combined with the 

results of the present technical ISH comparative study for the detection of different 

viruses underline the case-dependent success of applied methods with the RNA 

probe mix as the technique with the highest detection rate which represents the most 

important criteria for the visualization of viruses. Thus, detection methods, in 

particular for novel viruses, should be chosen according to obtained findings to 

achieve the most rapid and sensitive results. 

Summarized, at least one of the applied ISH methods was able to detect the virus in 

question. The RNA probe mix revealed the highest detection rate for the detection of 
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RNA and DNA viruses. Nevertheless, ISH with the RNA probe mix may be delayed 

due to long order times of 3 weeks, which might be a major drawback in the detection 

of emerging viruses. Thus, differences in costs and procedure time have to be taken 

into consideration depending on the virus to be detectable and time needed for 

confirmation of suspected virus infection. Furthermore, as shown in the study on 

potential pathogens in foxes, stone martens and raccoon dogs with a high number of 

cases of mononuclear CNS inflammations, NGS and immunohistochemistry 

remained negative. This could be either due to lack of sensitivity of the applied 

methods or lesions are not directly pathogen associated any longer. Thus, infections 

with low viral loads or other pathogens in the tested tissues, which could be detected 

with other, novel NGS methods as well as non-infectious causes, have to be taken 

into account. Furthermore, inflammatory changes may be triggered by an infectious 

pathogen, however despite viral clearance secondary events like molecular mimicry 

and epitope spreading might perpetuate an ongoing inflammatory process. 
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