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Summary 

Humanity is constantly confronted with the emergence and reemergence of infectious 

diseases. Many of them produce large or devastating epidemics, like AIDS (HIV) and Ebola. 

Others have been long neglected, yet pose immediate threats to global public health as 

evidences the abrupt emergence of Zika virus in South America and its association with 

microcephaly in babies. The examples illustrate, that many of these diseases are provoked by 

RNA viruses. One of the first steps in understanding and eliminating those threats is the 

development of sensitive and rapid diagnostic methods. A general and relatively rapid method 

is the direct detection and examination of the agent’s genome. However, the nature of 

(re)emerging RNA viruses poses a series of very specific problems for the design of such 

methods. Therefore, a systematic approach was proposed for the design of DNA-hybridization-

base methods to detect and characterize RNA viruses that will have both a high sensitivity and 

a specificity sufficiently broad to detect, per reaction, down to a single copy of any of the 

possible variants of the viral genome.  

Following this approach a series of assays were designed, developed or adapted and put 

into use for detection and characterization of important RNA viruses. One of those viruses is   

West Nile virus (WNV), which after its explosive introduction into USA become the most 

widespread flavivirus throughout the world and, consequently, many countries began an 

intensive monitoring. While existing assay detected predominantly the Lineage 1, in Europa 

Lineage 2 was expected. Two new RT-qPCR for the detection of both lineages were developed, 

and reportedly used by independent laboratories. Due to more than 50000 associated deaths 

per year, the Hepatitis E virus also received an increasing attention to elucidate novel routes of 

transmission. This virus (especially genotype 3) has the zoonotic potential of transmission from 

pigs and wild boar to humans. RT-qPCR and nested qPCR for detection and characterization of 

this virus as well as a methodology for subtyping were developed and the first detected case of 

subtype 3b in a German wild animal was documented. In addition a novel assay for flaviviruses 

conformed by a RT-qPCR coupled with a low density DNA microarray was developed, which 

enabled the identification of WNV in mosquitoes from Greece. A RT-qPCR suitable for 

surveillance and diagnostic of all known variants of Venezuelan equine encephalitis virus was 

developed too. A causative agent of hemorrhagic infections, the Ngari virus, was detected and 

characterized in animal samples from Mauritania. These achievements were supported by the 

development of software applications for selection and visualization of primers and probes from 

aligned DNA sequences and for modeling of DNA hybridizations using unaligned sequences. 

In conclusion a general methodology for rapid development of sensitive diagnostic methods 

based in DNA-hybridization technics (PCR, sequencing and microarray) was stablished and 

successful applications are reported.   
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Zusammenfassung 

Die Menschheit wird ständig durch das Auftreten neuer und neuartiger 

Infektionskrankheiten wie HIV (AIDS) und Ebolafieber bedroht, die große und verheerende 

Epidemien auslösen. Andere wurden lange vernachlässigt, doch stellen sie eine unmittelbare 

Bedrohung für die öffentliche Gesundheit weltweit  dar, wie sie durch das Auftreten des Zika-

Virus in Südamerika und seine Assoziation von Neugeborenen mit Mikrozephalie belegt wurde. 

Viele dieser Krankheiten werden durch RNA-Viren verursacht. Daher ist ein erster Schritt zur 

Beseitigung solcher Bedrohungen die Entwicklung von sensitiven und schnellen diagnostischen 

Methoden, wobei in der Regel ein Teil des Genoms direkt detektiert wird. Da die Eigenschaften 

der RNA-Viren für das Design entsprechender Methoden sehr spezifischen Probleme darstellen,  

wurde ein systematischer Ansatz mit DNA-Hybridisierungs-basierten Methoden gewählt, mit 

dem hochsensitiv alle Varianten des viralen Genoms detektieren werden können. 

Anhand dieses Ansatzes wurden Assays entwickelt oder angepasst und für den Nachweis 

und die Charakterisierung wichtiger RNA-Viren eingesetzt. Im Rahmen der Arbeit  wurde eine 

RT-qPCR zum Nachweis des West-Nil-Virus (WNV) und seiner Linien 1 und 2 entwickelt. WNV ist 

weltweit verbreitet und kann beim Menschen zu schweren neurologischen Erkrankungen 

führen. Daneben wurden RT-qPCR Assays zur Diagnostik von Hepatitis-E-Viren (HEV) und aller 

Varianten der Venezolanische Pferde-Enzephalomyelitis (VEEV) entwickelt. Das HEV ist, mit 

weltweit mehr als 50000 Todesfällen im Jahr, der häufigste Erreger akuter Leberentzündungen. 

Das Virus, insbesondere der Genotyp 3, kommt auch in Deutschland vor, wobei als Hauptwirte 

Haus- und Wildschweine angesehen werden. Die Subtypisierung der HEV Genotypen 3 wurde 

aktualisiert und erstmals der Subtyp 3b in einem Wildtier in Europa dokumentiert. VEE ist eine 

tödlich verlaufende Viruskrankheit der Pferde, die auch auf den Menschen übertragen werden 

kann. Das Virus wird ebenfalls über Stechmücken übertragen und kommt bislang in Südamerika 

vor. Zudem konnte mit Hilfe einer RT-qPCR erstmals das Ngarivirus, ein hämorrhagisches 

Orthobunyavirus, in Ziegen in Mauretanien detektiert und charakterisiert werden. Schließlich 

wurde ein RT-qPCR Assay entwickelt, der - gekoppelt mit einem DNA-Microarray - Flaviviren 

spezifisch detektieren und erkennen kann. Mittels diese Assays konnten in Stechmückenproben 

aus Griechenland WNV der Linie 2 detektiert werden. Diese Ergebnisse wurden durch die 

Entwicklung von zwei Software-Tools unterstützt: Eines für Visualisierung von DNA-

Sequenzalignments zur Selektion von Primern und Sonden und eines für die thermodynamische 

Modellierung von DNA-Hybridisierungen wobei keine Sequenzalignments notwendig sind. 

Zusammenfassend konnte mit Hilfe dieser Methodik eine schnelle Entwicklung von 

sensitiven diagnostischen Methoden, die auf DNA-Hybridisierungstechniken (PCR, 

Sequenzierung und Microarray) basieren, etabliert und in einer Reihe von Anwendungen 

erfolgreich eingesetzt werden.  
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Aim of the thesis 

The unifying goal was to demonstrate the need, convenience and affordability of 

constructing a systematic approach for the design of DNA-hybridization-based methods of 

detection and characterization of viruses that are both highly sensitive and sufficiently broad-

specific to detect per reaction a minimal number of copies of any of the possible variants of the 

viral genome. The immediate objectives were to establish diagnostic methods for each of the 

selected RNA viruses or group of viruses. 

An important common constrain was that in spite of the possible high number of known 

viral genomes sequences (typically with thousands of sequences in data banks) the information 

may appears incomplete due to biases regarding genomic variants (genotypes, subtypes or even 

species) and the completeness of most sequences. This concerns in particular the high number 

of short partial sequences from different, generally non-overlapping regions. 

The objectives comprise the following tasks: 

• the establishment of a quantitative real-time reverse transcriptase PCR (RT-qPCR) 

assay for the detection of West Nile virus (WNV) lineages 1 and 2 (Publication 1). 

• the establishment of a RT-qPCR for detection of all known Venezuelan equine 

encephalitis virus  (VEEV) variants   (Publication 2). 

• the establishment of a RT-qPCR for detection and characterization of Hepatitis E 

virus (HEV) with a revision of the subtype scheme of the genotype 3 (Publication 4). 

• the establishment of a RT-qPCR coupled with a low density DNA microarray for 

detection and identification of flaviviruses (Publication 6). 

• the screening of field samples: the detection of Ngari virus in Mauritania 

(Publication 3), HEV in German wild animals (Publications 4 and 5) and WNV in 

Greece (Publication 6). 

• the development of software tools for: 1) selection and visualization of primers and 

probes from aligned partial DNA sequences, 2)  simple modeling of DNA 

hybridization using unaligned DNA sequences and 3) automation of RNA extraction. 
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Notes on the conventions used in structuring and formatting:  

This thesis is presented as a collection of published paper (Chapter 2  to Chapter 7) which show all 
the details of the methods and results, preceded by an introduction (Chapter 1) which expose the 
achievement of the unifying goal, and provide a broad abstract with some more context added.  

Most of the complementary data and software can be acceded on-line through the portal of the 
author’s projects:  http://qpcr4vir.github.io/ but some complementary tables and figures are additionally 
included here within the corresponding paper. 

To avoid duplications of references already used in the included papers they are annotated in the 
text of the thesis abstract as a direct link in the form: (Chapter X-ref Y), where X is a link to the Chapter 
including the reference  and -ref Y is a link to the reference listed in that Chapter. Figures and tables are 
also linked this way. 

The final version of the publications, or of the author’s copy in PDF format were imported into 
Microsoft Word, and manually edited to eliminate minor formatting differences with the PDF version. 
Still, some minor differences are present. 

The ICTV's recommendation for how to write a virus name was followed through the abstract (which 
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 Abstract 

1.1. (Re)-emerging diseases 

Naturally, infection diseases may cause sporadic appearance of epidemics into unprepared 

communities. This is usually perceived as emerging or reemerging diseases. Globalizing human 

activities have the unnatural but logical consequence of sporadic but recurrent dissemination of such 

diseases. In the past we saw large epidemics moving from Asia to Europe, and others from Europe to 

America, where they killed large portions of the native population. Recently, a very fast spreading of 

West Nile virus into USA caused millions of infections in humans and massive dead of wild birds. Not 

only direct transportation, but also many others factors, including climate change, may boost this 

undesired effect by allowing new routes of contact of the infection agent, the final host, and possible 

vectors and reservoirs. 

Some of these infections produce large or devastating epidemics, like AIDS (HIV) and Ebola. Others 

produce intriguing symptoms which trigger world large effort for immediate elucidation, like recently 

the microcephaly in babies provoked by Zika virus, a largely neglected infection.  

As early as 1881 the Cuban Dr. Carlos J Finlay (Chapter 1-ref [1]–[3]) showed the role of mosquitoes 

as biological vectors for infectious diseases. Through a series of sharp observations and carefully 

planned experiments he demonstrated that the mosquito Aedes aegypti is the agent responsible for 

the transmission of one of the historically most devastating, and even today, recurrently (re)emerging 

infectious disease: the Yellow Fever. This infection, together with malaria (also mosquito transmitted) 

caused more than 20 000 human deaths during the construction of the Canal of Panama - a fact being 

on the basis of the failure of the French to construct the canal, which was achieved by USA only after 

eradication of the mosquito following the methods used in a similar and firstly successful campaign 

organized in Havana under the recommendations of Finlay.  Thus, monitoring and controlling those 

vectors, in particular mosquitos and ticks, is crucial to prevent the spread of many of the most 

important (re)emerging diseases.  

Alongside wild animals, economically important animals are also affected, often leading to the 

sacrifice of large number of them. Unfortunately some of these agents infect humans too. This zoonotic 

nature significantly complicates the situation and rises some of the requirements in fighting them in 

animals to near the same level than in humans (part of the concept of the One Health Initiative). 

Viruses have been proposed as bio weapons (Chapter 1-ref [4][5]), and the possibility of their use 

by terrorists has added huge urgency to the necessity of been prepared to fight the consequences, 

firstly by detecting them promptly. 

As the examples show many of these diseases are provoked by RNA viruses. One of the first steps 

in the understanding and elimination of such threats is the development of sensitive and rapid 

http://www.onehealthinitiative.com/about.php
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diagnostic methods. The nature of (re)emerging RNA viruses poses a series of very specific problems 

for the design of such methods. For example, during the initial diagnostic, and also during the follow-

up in patients after treatment it may be required to detect the virus down to the absolute limit of a few 

copies per sample and also to determine the exact viral (geno)type. In a much broader case we could 

need to screen large numbers of samples for the presence of some of the variants of the viral genome. 

In the broadest extreme of requirements, surveillance programs need to detect any viral variant, ideally 

even unknown ones. 

Classical virological methods may not be appropriate in many situations due to insufficient 

sensitivity, speed or simply because of their absence. PCR based methods, DNA microarray or 

sequencing among other are often the best choices in such situations. Therefor a systematic approach 

need to be developed for the design of DNA-hybridization-base methods of detection and 

characterization of RNA viruses that are both sufficiently broad-specific and high sensitive to detect per 

reaction a few copies of any of the possible variants of the viral genome. 

1.2. RNA virus detection  

One characteristic of RNA viruses that affect the diagnostic method is the high variability of the 

genome. For some viruses the high intra host viral genome variability led to the use of the concept of 

viral quasispecie. At the level of what is defined as a viral specie, the percent of nucleotide substitutions 

may be in the range of 10-20 % or even more. This variability is by far the major problem during the 

design of DNA-hybridization mediated diagnostic methods. The problem of choosing a DNA fragment 

that will hybridize to most (ideally all) variants has no trivial solution.  

Tightly linked to variability is the problem of the available amount of sequence information. For 

many viruses, there are simply too few sequences available. For others, in spite of the existence of large 

number of sequences, there is a bias in the available amount of sequences for different variants. 

Typically a vast majority of the sequences could represent a large and important recent outbreak, while 

others variants are significantly underrepresented. The amount of sequences is not the only limitation, 

but the quality (of that amount) as well, notably, the length and the genomic region covered by the 

sequences. This bias may be reinforced by a positive (albeit undesirable) feedback: detection systems 

designed using majoritarian sequences may detect preferably (or even exclusively) those sequences 

and contribute to the further absence of sequences of other variants.  

The species of most RNA viruses are further subdivided into subgroups called lineages, types, 

genotypes, subtypes, etc. They may have different pathological, epidemiological, or some other 

observable biological characteristics, and may ideally serve to break off the original variety into groups 

for each of which we have to ensure the applicability of the method. They may be also used to set 

priorities in case of necessity. For example, we may choose to be sure that the more aggressive or lethal 
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variants are detected, or we may choose to detected just the variants expected to be present in some 

geographical region or during a concrete outbreak. Nevertheless, we need to keep in mind that those 

biological classifications may not reflect the technical characteristic that we are trying to use: to group 

the sequences into groups for which we can guarantee detection with the newly designed method. One 

special case will be a virus (or some subgroup) with variants distributed in a star-like pattern, with no 

clear “clades”, but with a “continuous” evolution into many apparently individual variants. Even in 

those cases we may need to define (and probably some-how name) subgroups that may seems 

arbitrary for other purposes. 

In this thesis are presented the results of the development and partial use of new protocols for the 

detection and/or identification of WNV and Flavivirus in general, HEV, VEEV and Ngari virus. 

1.2.1. RNA extraction 

Prior to the application of the DNA-hybridization-based technique, like RT-qPCR, the viral RNA need 

to be extracted. We used well established methods and commercially available kits based on columns 

(RNeasy Mini Kit or QIAamp Viral RNA Mini Kit, QIAGEN, Hilden, Germany) or magnetized particles 

(NucleoMag® VET kit from MACHEREY-NAGEL, Durel, Germany) to achieve the separation, either 

automatically, using pipetting robots, or manually.  

Especially useful was the combination of magnetized particles with a Freedom EVO universal 

pipetting robot from TECAN, Mannerdorf, Switzerland. The provided Freedom EVOware software was 

used to write simple and specific pipetting protocols scripts in a semi visual way. Unfortunately, writing 

more complex or flexible protocols to accommodate arbitrary number of samples or minor 

modifications of the protocols was very time consuming and error prone. To overcome these limitations 

a new software was written in Python, “RobotEvo”, which automatically generates the scripts for the 

robot.  RobotEvo allows a more direct programing of the steps needed in a typical 

biochemical/biological pipetting protocol like RNA extraction.  The  implementation add: a parser and 

a generator of instructions for the script; “modes” of output: as human readable comments, EVOware 

scripts, etc., in module EvoMode; a model of the robot to detect possible errors prior to the generation 

of the script; simple pipetting instructions; a set of protocol steps; and, finally, facilities to declare the 

reactive and the labwares. 

For the protocol for RNA extraction (module RNAextractionMN_Mag_Vet) the labwares and 

reactive are declared first. Immediately an automatically generated check-list is presented in a graphic 

user interface (GUI). After a possible adjustment of the parameters by the operator the program go 

through the deduced protocol steps of spreading buffers, mixing, washing, incubating, etc. generating 

a detailed script to be imported and visualized in the TECAN Freedom EVOware software. The obtained 

script is very long but structurally very simple and well commented, which facilitates the visual control 

of each instruction. 

http://www.mn-net.com/tabid/12376/default.aspx
http://lifesciences.tecan.com/products/liquid_handling_and_automation/freedom_evo_series?p=Overview
http://lifesciences.tecan.com/products/software/freedom_evoware
https://github.com/qPCR4vir/robotevo
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/Instructions.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/EvoMode.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/Robot.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/protocol_steps.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/Reactive.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/Labware.py
https://github.com/qPCR4vir/robotevo/blob/master/protocols/RNAextractionMN_Mag/RNAextractionMN_Mag_Vet.py
https://github.com/qPCR4vir/robotevo/blob/master/EvoScriPy/GUI.py
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1.2.2. Primers and probe design 

Although, there are well known software for design of primers and probes or for modeling of DNA 

hybridizations, we found no simple way to adapt them to the specifics of the RNA virus characteristics 

influencing the design of primers and probes for PCR, or of probes for a low-density microarray, for 

virus identification. Even when the goal is to design a high specific (RT-q) PCR the target sequence is 

always a group of similar but still different sequences, with up to 10 or 20 % of punctual nucleotide 

differences affecting most positions. Tools that find a set of specifics and compatible primers from only 

one given sequence are hardly useful. The task becomes even more complicated when trying to design 

an assay that detect a whole viral group (for example - a given genus), especially if we need to control 

the detection efficiency for each of the subgroups (for example - species) which form the broader 

group. The mere possibility of breaking the target group into a classification tree of variable deep is not 

implemented in most software, and manual workarounds significantly complicate the task.   

Further complications are introduced when some incomplete sequences that do not cover the 

entire target region, are ones of the few representatives of some of the subgroups and therefore can’t 

be ignored. Additionally, to represent all this sequence diversity the number of sequences selected for 

analysis maybe well in the order of a few hundreds. We did not found any software that simultaneously 

copes with all these requirements. A solution widely used is to simply print the alignment and manually 

scan for possible candidates deducing partial consensus. But with the growth of the number of 

sequences into the hundreds this approach become impracticable and it is always time consuming and 

error prone. We partially automated this solution using an Excel workbook which is publicly available 

at GibHub as VisualOligoDeg. 

VisualOligoDeg facilitate the visual selection of candidate primer or probes from an existing MSA, 

by interactively constructing consensus with selected degree of degeneracy, modeling some 

characteristic (Tm, ∆G, etc.) of the possible hybridization and easily grouping and filtering of sequences. 

Some implementation details are: its use and installation do not depend on any software other than 

MS Excel; the truncated and reclassified aligned sequences can be re-exported to a new text/fasta 

alignment file; the used NN parameters can be modified; part of the workbook cells are regenerated 

during the import of a fasta file, potentially correcting errors inadvertently introduced by the user; part 

of the functionality is programmatically expressed in VBA and includes a set of functions to import and 

export all the code from the workbook, allowing us to track the code with git (a distributed version 

control system of software source code, https://git-scm.com/ ).  

After selection of primers or probe candidates and before or after their validation with other tools, 

it may be desirable to predict their hybridization characteristics onto a set of additional target 

sequences originally not present in the MSA used during the design.  A question arises: Is it imperative 

to add the sequence to the MSA prior to test it against a set of probes? This problematic situation also 

appeared when we tried to predict the result of the hybridization into our low-density microarray of 

https://github.com/qPCR4vir/VisualOliDeg
https://git-scm.com/
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the amplicon from a viral strain with a known sequence. We decided to use a different model to avoid 

building or updating the MSA and developed a second software tool: ThDy_DNAHybrid. 

Most of the algorithms used for sequence alignment, and often reused for the design of primers 

and probe, originate in the phylogenetic analysis of sequences. There, each position is thought to carry 

some amount of phylogenetic information, thus, sequences are treated as a text, nucleotide as letters 

and differences as letter substitutions. But, as primary concept during probe design, we may prefer to 

refer to the percent of probes or target in hybridized state, which is what determine the efficiency of a 

PCR or of a microarray detection. The percent of probes hybridized is described with the equilibrium 

constant K of the reaction, thermodynamically (Chapter 1-ref [6]) related to the reaction ∆G=-RT ln K, at 

a given temperature T, where the gas constant R=1.9872 cal/mol K. SantaLucia, J. (Chapter 1-ref [6]) 

provides a “rule of thumb” to illustrate this relation:  “every −1.4 kcal/mol in ∆G results in a change in 

the equilibrium constant by a multiplicative factor of 10”, and “−4.2 kcal/mol (= -1.4×3)  equals a K 

change by 1000”.   

Thus, rather than using the phylogenetic or plain text approach we may prefer a chemical or 

thermodynamic approximation to describe those reactions. Beginning with a rough approximation we 

may add more and more factors making our predictions more accurate. By using the text approach this 

incremental approximation is translated into more rules dictated by “experts”, which may be confusing, 

especially when quantitatively it may be unclear in each situation what rule is predominant. The 

thermodynamic approach will instead incorporate the new factors into the model itself, into the 

calculation, potentially making the final interpretation or use of the prediction simpler.  

ThDy_DNAHybrid uses the thermodynamic NN method to describe DNA hybridizations.  ∆G is 

calculated through the ∆H and ∆S accumulated by adjacent par of dinucleotides. Thus, the relative 

position of the interacting nucleotides at both DNA strand is used, which send us back to an alignment, 

but now of only two sequences. Instead of trying every possible combination of relative position or 

annealing, we search for the most stable. This problem was solved by Kadelary (Chapter 1-ref [7]) using 

the dynamic-programming approach of the Smith–Waterman alignment algorithm modified by 

changing the alignment objective function with ∆G or Tm based on ∆H and ∆S, introducing the 

dependencies into par of adjacent di-nucleotides following the NN model. We have further adapted 

the algorithm to extract any position at which the stability of the hybridization pass a user defined 

value: any position in which a probe could produce a measurable signal. The modification can also track 

all the target sequences that have at least that level of interaction with the given probe.  

Additional details of the implementation are: it is written in c++11/14; includes a GUI built with the 

Nana C++ GUI library – a new, simple and modern way to do GUI in c++ for Windows and Linux; the 

parameters of each runs are saved in a “project” file which can be re-run and/or manually inspected 

and edited as simple text; a sub-library, ProgParam, was developed to managed the parameters and 

subprograms that form the software and transparently join the core functionality with the user 

https://github.com/qPCR4vir/ThDySec/releases
http://nanapro.org/
https://github.com/qPCR4vir/ProgParam
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interface; the sub-library Unit make easy the conversion between any physical or chemical units, 

helping to avoid errors and offering great flexibility for the final user; and results can be saved in a set 

of text files and presented as interactive tables. 

1.3. WNV lineage 1 and 2 detection and quantification 

West Nile virus (WNV; family Flaviviridae, genus Flavivirus) is an arthropod-borne virus grouped in 

the Japanese encephalitis virus (JEV) serocomplex, which includes the St. Louis encephalitis virus, JEV 

and Murray Valley encephalitis virus (MVEV), among others (Chapter 2-ref 11). The genome is a linear, 

single-stranded, plus-sense RNA, which encodes for three structural proteins (C, prM, and E) that form 

the enveloped virion, and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins 

(Chapter 2-ref 4). 

WNV is transmitted by mosquitoes belonging principally to the Culex pipiens complex. A large 

variety of wild bird species are the natural reservoir. The host range is very broad and encompasses not 

only humans but also equids, alligators, dogs, sheep, and many other species  (Chapter 1-ref [8], Chapter 

2-ref 4, 19). Human infections are generally asymptomatic, but near 20% are characterized by flu-like 

illnesses: headache, high fever, chills, arthralgia, malaise, and retro-orbital pain. Up to 1% of infected 

human beings develop severe encephalitis, myelitis, and/or meningitis, and of these cases, 1 in 20 dies 

(Chapter 2-ref 20). There is no human vaccine yet (Chapter 1-ref [8]) and the best method to reduce 

cases of infections is mosquito control. 

WNV has been grouped into at least five lineages. Lineage 1 has a wide distribution and is found in 

some parts of southern Europe, Africa, the Middle East, Asia, and the Americas. The Kunjin virus, which 

circulates in Australia, represents the subtype 1b of lineage 1. Lineage 2 strains are found in sub-

Saharan Africa and Madagascar where it is endemic, and have also been discovered in Europe: in 

Hungary (first isolated from a goshawk), Italy (in horses, in the Island Sardania, 2011 –lineage 1, and 

lineage 2 in mosquitoes in 2012), Greece, Russia, Rumania and Austria (Chapter 1-ref [8], Chapter 2-ref 

2, 3, 5, 23).  

The introduction and rapid spread of WNV into USA in 1999 (where it later became endemic and 

then spread to South America) (Chapter 1-ref [9]) is a dramatic example of the impact of human activity 

(Chapter 1-ref [10]) in general, and of globalization in particular, on virus distribution. European 

countries were indeed warned about the possibility of such expansion in their territory too and began 

to implement large monitoring or surveillance programs. For such countries it was expected than not 

only the lineage 1 observed in USA may appear, but also the lineage 2. Unfortunately most used RT-

qPCR were highly specific for lineage 1, and failed to detect the lineage 2. This situation was reflected 

in the conclusions of the first international proficiency study on WNV molecular detection published in 

2006: “Most participants showed good performance in detecting lineage 1 WNV, the predominant virus 

https://github.com/qPCR4vir/ProgParam/blob/master/include/Units.hpp
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/flaviviridae
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/flaviviridae/360/genus-flavivirus
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in the Northern Hemisphere. The inability of some laboratories to detect even highly concentrated 

lineage 2 WNV downgraded the overall outcome”, because “only 27% of participants were able to 

detect the 6 samples containing 1,8×104 copies/mL” of the lineage 2 strain (Ug37) (Chapter 1-ref [11]).  

We established two new RT-qPCR (Chapter 2). Primers and probe of assay 1 target the 5’-UTR, and 

assay 2 targets the nonstructural region NS2A. This enables an unambiguous and independent WNV 

diagnosis based on 2 different amplicons. Each assay was designed to guarantee the detection of both 

lineages. Both assays allow the detection of as few as 2–4 genome copies of WNV strains per reaction 

(which typically count for 100 to 200 copies/mL of sample, depending on the RNA extraction protocol 

used). They can be used independently or in combination to improve sensibility and specificity, or to 

exclude cases of carry-over contamination (the amplicons generated are not mutually amplifiable). 

A synthetic RNA corresponding to the 5’-UTR amplicon ( Figure 1) was designed containing 6 twist 

inverted GC base-pair changes at the internal sequence in a way that can be unambiguously recognized 

by a specially designed probe. This RNA was used as positive control and as external calibrator for 

quantification. 

 
Figure 1. Synthetic WNV RNA control with target regions for both PCR primer, a probe for quantification of the virus and a 
special region containing 6 twist inverted GC base-pair changes for exclusive detection of this RNA control (but not the 
virus) 

WNV have not been detected in German samples yet, but we were able to detect WNV lineage 2 

in mosquito pools from Greece (Chapter 7). The assays have proved to be useful in the practice, and 

continue to be used not only in our laboratory, but also in many other independent laboratories. The 

assays have been also further validated by successfully participating in at least four international Ring 

Test (Chapter 7).  

1.4. Equine encephalitis viruses’ detection and quantification. 

Western equine encephalitis virus (WEEV), Eastern equine encephalitis virus (EEEV), and 

Venezuelan equine encephalitis virus (VEEV) are arthropod-borne (arbo) viruses of the genus 

Alphavirus of the virus family Togaviridae. The single-stranded positive sense RNA genome of VEEVs 

contains approximately 11,400 bp, and encodes four non-structural proteins (nsP1-4) at the 5’-end and 

five structural proteins (C, E3, E2, 6K and E1) at the 3’-end (Chapter 1-ref [12]). 
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These viruses are transmitted by mosquitoes within bird (WEEV, EEEV, and epizootic VEEV 

(epizootic strains)) or rodent populations (VEEV, enzootic strains). Infections in reservoir hosts do not 

lead to obvious clinical signs. However, severe diseases can occur when equines and humans are 

infected with epizootic subtypes. EEV are classified as Category B agent by the Centers for Disease 

Control and Prevention, Atlanta and are considered potential bioterror weapons (Chapter 1-ref [13]). 

VEEV can also be transmitted by aerosol exposure (Chapter 3-ref [7][8][9]) and have been weaponized  

(Chapter 1-ref [4][5]). Intensive research is conducted to obtain a reliable vaccine and an antivirus 

treatment (Chapter 1-ref [14]). 

The three viruses – WEEV, EEEV and VEEV - affect humans, equines and mosquitoes mainly in the 

Americas. The subtypes (I - VI) of VEEV are also subdivided in varieties or serotypes (e.g. IA/B, IC, IIIA, 

etc.) (see Table 1. in (Chapter 1-ref [15])). In order to protect the unexposed population in Europe, 

imported animals are routinely tested for these agents, with the goal of detecting any known variant. 

While at the moment of the beginning of our work there were sensitive RT-qPCR for the first two 

(Chapter 3-ref [10]), for VEEV there was a need for a convenient RT-qPCR for the detection of all VEEV 

variants.  

Taking advantage of the few new partial sequences available in public databases (in 2010) we 

adapted an existing conventional broad range RT-PCR (Chapter 3-ref [14]) to develop an RT-qPCR 

specific for VEEV (Chapter 3). A total of 33 VEEV sequences were retrieved from the GenBank database.  

The published broad-range primers, which target the nsP1 region of Alphaviruses, were modified, 

degenerated bases where inserted (TCCATGCTAATGCYAGAGCGTTTTCGCA and 

TGGCGCACTTCCAATGTCHAGGAT) and a labelled probe (TGATCGARACGGAGGTRGAMCCATCC) was designed 

to specifically target VEEV sequences (Chapter 3-Table 1). The resulting primer/probe set enabled the 

application of a quantitative real-time RT-PCR protocol. 

A unified synthetic RNA, with the targets sequences of the three PCR, was introduced in the assays. 

A calibrated, external standard curve of this synthetic RNA is used for quantification and as positive 

RNA control within each of the three assays. The synthetic calibrator comprises a T7 RNA polymerase 

promoter and the target sequences for the RT-qPCRs of EEEV, WEEV, and VEEV (Chapter 3-Figure 1(a)). 

The synthetic RNA was obtained by in-vitro transcription. The EEEV and WEEV sequence regions include 

the targets for the primer and probes adopted unmodified from the literature, but the corresponding 

probe target sequences were placed on the complementary strand in order to generate a unique 

(different) amplicon sequence, discriminable from the original virus sequence yet maintaining the same 

nucleotide composition. In addition, within the VEEV target region the original virus sequence 5’-

CTGGCTTCAAAAC-3’ was changed to 5’-CTCCGTTCAATAC-3’ in order to discriminate unambiguously the 

synthetic RNA from viral RNA with the special control probe to exclude false positive signals in samples.  

Four external standard curves (one for each virus and one for the VEEV-synthetic RNA control 

probe) were used for quantification. The limit of detection (LOD) in copies/𝜇L of RNA corresponded at 

https://www.cdc.gov/phpr/publications/2008/appendix6.pdf
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least to 70 for VEEV (TC-83 strain), 700 for WEEV (McMillan strain), and 300 for EEEV (New Jersey strain) 

(Chapter 3-Table 2). 

Later the project “Complete genome sequencing of a collection of the Venezuelan equine 

encephalitis viruses (VEEV)” (Grant ID HHSN272200900007C, National Institutes of Allergy and 

Infectious Diseases), Accession: PRJNA157941, https://www.ncbi.nlm.nih.gov/bioproject/157941 

yielded 104 new complete genomes. From them, using ThDy_DNAHybrid and VisualOligoDeg, we 

extracted and then synthetized 15 sequences, representing the target of our VEEV assay, including all 

the sequence diversity known by 2014.  We were able to experimentally demonstrate that our assay 

effectively detect all of them (Chapter 3- FIGURE 3).  

1.5. Ngari virus detection 

Ngari virus is an arthropod-borne virus recently classified (Chapter 1-ref [16]) in order Bunyavirales, 

family Peribunyaviridae, genus Orthobunyavirus, as a member of the species  Bunyamwera 

orthobunyavirus (which among others includes the Bunyamwera and Batai viruses).  

The genome of members of the Bunyamwera orthobunyavirus species comprises 3 segments of 

mostly negative-sense single stranded RNA: the small (S), medium (M), and large (L) segments, which 

encode the nucleocapsid (N) protein, the 2 glycoproteins Gn and Gc, and the RNA-dependent RNA-

polymerase, respectively. Ngari virus is a reassortant, with segments S and L from Bunyamwera virus 

and M from Batai virus. Ngari is more virulent than Bunyamwera and Batai and is associated with 

hemorrhagic fever. It was first isolated from Aedes simpsoni mosquitoes in 1979 and from humans in 

1993, both in Senegal (Chapter 4-ref 3). During 1997 and 1998, humans were affected with hemorrhagic 

fever diseases in Kenya and Somalia that were caused by RVFV and by Ngari virus (Chapter 4-ref 2, r4). 

Lambert et al. (Chapter 4-ref 6) constructed a series of MSA from the S segment of various viral 

serogroups and selected promising conserved regions for the design of PCR. The primers were then 

selected manually from those alignments. In essence they created a complex and optimized 

conventional multiplex-PCR assay with primer pairs for each of the following targets: Family: 

Peribunyaviridae, Genus: Orthobunyavirus, species: California encephalitis/Bwamba group, 

Bunyamwera virus serogroup, Wyeomyia and Oropouche; Family:  Nairoviridae, Genus:  

Orthonairovirus - Nairobi group and Family:   Phenuiviridae, Genus:  Phlebovirus. 

The RVFV appeared again in Mauritania in 2010 around the Adrar region and we searched for its 

RNA in serum collected there from various animal species (Chapter 1-ref [17]).  RVFV is also a member 

of the Order Bunyavirales but of the Family Phenuiviridae, Genus Phlebovirus. Since we were 

committed to find other arboviruses from that Order, we adapted the PCR of Lamberg et al. to be used 

in separated SYBRG-RT-qPCR protocols. This screening was successful (Chapter 4) and we found goat 

samples apparently positive to Bunyambera virus with an amplicon’s Tm≈78.2°C slightly different from 

that of our Batai virus control (78.0°C). After direct sequencing of the amplicon these samples 

https://www.ncbi.nlm.nih.gov/bioproject/157941
https://github.com/qPCR4vir/ThDySec/blob/master/ThDy/sequences/Virus/Togaviridae%20-%20Family/Alphavirus%20-%20genus/Alphavirus%20-%20genus/VEEV-Julander%20PCR%20region-Alignment.fasta
https://github.com/qPCR4vir/VisualOliDeg/blob/master/alignments/sR%20VEEV.txt
https://talk.ictvonline.org/ICTV/proposals/2016.030a-vM.A.v6.Bunyavirales.pdf
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Tree&id=1933179&lvl=3&p=nuccore&p=genome&p=pmc&lin=f&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Tree&id=1933179&lvl=3&p=nuccore&p=genome&p=pmc&lin=f&keep=1&srchmode=1&unlock
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appeared to contain Ngari virus (Figure 2). Further investigations of the samples, through infection of 

cell cultures and whole genome sequencing, unambiguously confirmed this result, as shows the 

phylogenetic tree constructed for the three whole genome segments (Chapter 4-Figure.). 

1.6. Detection of HEV in wild German animals and subtyping of 

HEV genotype 3. 

The Hepatitis E virus is now classified in the family Hepeviridae, where four genus are recognized. 

The genus Orthohepevirus contains the species commonly affecting humans. Specifically, the specie 

Orthohepavirus A is proposed to be further divided into genotypes, of which, the four genotypes 1, 2, 

3 and 4 are known to infect humans (Chapter 5-ref 68). 

The virion is approximately 27–34 nm in diameter and most likely icosahedral. The genome is a 

positive sense single-stranded RNA of approximately 7.2 kb, which contains a short 5' untranslated 

region (UTR), a short 3' UTR and three open reading frames (ORF1, ORF2 and ORF3) (Chapter 5-ref 27). 

The ORF1 encodes non-structural proteins carrying domains with methyl transferase, helicase and 

replicase activities (Chapter 5-ref 28). The ORF2 codes for the viral capsid protein of about 660 amino 

acids. The ORF3 is almost completely overlapped by the ORF2 (thus being the more conserved region) 

Figure 2. First experimental evidence of the presence of Ngari virus in goat samples from the RVFV outbreak in 
2010, Mauritania. The melting curve analysis coupled to the RT-qPCR for the Bunyamwera virus serogroup 
adapted from Lambert et al. yielded a signal very similar to Batai virus. A simple BLAST-NCBI search of the 
amplicon sequence pointed to an Ngari virus. This was later confirmed by infecting cells cultures and whole 
genome sequencing.  
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and codes for a small phosphoprotein of about 114 amino acids, which is putatively responsible for the 

virion egress from infected cells (Chapter 5-ref 29). 

Until recently HEV was seen mainly as an endemic causative agent of acute hepatitis in developing 

countries with poor hygienic conditions, and primarily transmitted via contaminated drinking water. 

Sporadic cases in industrialized countries were thought to be introduced by travelers from endemic 

regions. The detection in pigs and some other animals of HEV strains similar to that found in humans 

triggered investigations about the possible zoonotic and autochthonous origin of infections in humans. 

Moreover, the consumption of undercooked meat products was fond to pose a substantial risk for HEV 

infection (Chapter 5-ref 4-7). Today it have been established that HEV genotype 3 and 4 have a main 

reservoir in pigs and wild boars and affects others animals, notably rabbits and deer. In particular, 

studies revealed, that HEV is ubiquitous in domestic pigs and wild boars throughout Europe (Chapter 

5-ref 8). HEV infection in farmed pigs affects up to 80%–100% of the animals worldwide and usually 

occurs at the age of 2–4 months (Chapter 5-ref 26). While genotype 4 is predominantly present in Asia 

(Japan, China, India, etc.), genotype 3 appears to be distributed all around the world and also 

accumulate more diversity. Currently, genotype 3 is recognized as a food-borne zoonosis in developed 

countries where it usually causes a mild self- limited acute hepatitis (Chapter 1-ref [18]). From 2001 to 

2017, 7056 human HEV cases (Chapter 5-ref 38) were reported in Germany ( 671 in 2014,  1265 in 2015, 

1993 in 2016 and 1230 in 2017 until July), which includes a growing number of non-travel associated 

autochthonous cases.  

The role of different HEV-3 genetic variants in the evolution of the disease (Chapter 5-ref 

1,7,39,41,42), the possibility of tracking the routes of infection and the influences of human activity  

(Chapter 5-ref 43-46) are currently under study. To better understand the interplay of these factors, 

the prevalence of past and current infections has been studied in large collections of samples. A 

prerequisite for this approach is to optimize the performance of the detection techniques, which is 

hampered by the high variability of the viral genome, even intra genotypes. We therefor established 

(Chapter 5) an optimized version of a widely used diagnostic RT-qPCR (Chapter 5-ref 69) that targets 

the ORF3 of all four genotypes 1-4. With this modified assay the determination of the HEV RNA 

concentration is carried out using an external standard curve (a synthetic RNA). This calibrator 

encompasses the 81 bp sequence of the amplicon and includes the T7 promoter sequence at the 5'-

end for in vitro transcription. 

The high sequence variability potentially make possible to collect sufficient information to study 

the routes of transmission. Due to the low viremia levels, high genome variability and low quality of 

some samples (serum and blood samples are less appropriate than tissue or fecal samples) the 

technique of choice to obtain most of the sequences have been nested RT-PCR that target relatively 

short sequences from different genomic regions. Consequently, to compare our viral isolates from 

German wild animals (Chapter 5, Chapter 6) with other European reports we developed a set of four 

new nested PCR for genotype 3 (Chapter 5) and applied them to each of our positive samples. This 

http://www.rki.de/DE/Content/Infekt/Jahrbuch/jahrbuch_node.html
http://www.rki.de/DE/Content/Infekt/Jahrbuch/Jahrbuch_2015.pdf?__blob=publicationFile
https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2016/Ausgaben/52_2016_wotab49.pdf?__blob=publicationFile
http://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2017/Ausgaben/28_17.pdf?__blob=publicationFile
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fragmented nature of the sequence information hinder a strict phylogenetic analysis with direct 

sequence comparison (as shown by Bayer phylogenetic analysis in Chapter 5-ref 43, 45) and we choose 

to implement an alternative method. The aim is to obtain the finest possible classification of the 

sequences into subtypes, which will partially reconstruct the information we cannot obtain due to the 

impossibility of a direct sequence comparison. We choose the subtyping scheme of Lu et al. (Chapter 

5-ref 32), which have been commonly used and supported by epidemiological and statistical analysis 

(Chapter 5-ref 4,43,45,47,48) but which have been recently criticized (Chapter 5-ref 1,30).  

Most of the problems with this subtyping scheme are related to the difficulty to find well defined 

clades due to the apparent continuous or nonhomogeneous pattern of evolution, and also insufficient 

number of complete genome sequences for most subtypes and to the use of very short genomic 

regions. There was also an accumulation of small errors and misunderstanding, including confusion 

with incompatible nomenclatures, ambiguous classification of possible artefactual recombinants and, 

mainly, insufficient number of widely accepted reference sequences. Additionally the attempt to derive 

information about subtypes (with 10-18% of nucleotide differences intersubtypes in a genotype) using 

alignments and phylogenetic analyses optimized for the study of the whole HEV diversity (including all 

genus and species, with 30-40% of nucleotide differences, and thus eliminating many of the nucleotides 

positions due to saturation of the phylogenetic signal) could lead to fundamentally erroneous 

conclusion about the inconsistence of the subtype scheme of a given genotype (Chapter 1-ref [19]). 

Driven by this situation the subtyping was discouraged at all (Chapter 5-ref 30). Thus, one of our first 

task was to analyze and actualize the subtype scheme for genotype 3 described by Li and to propose a 

revised set of reference sequences (Chapter 5).  

For primer and probe design, an alignment of 351 HEV sequences was constructed. This alignment 

was manually curated using both the nucleotide and the deduced amino acid sequences. HEV-1, 2,-3 

and -4 genotypes were included (with preference to genotype 3), covering all subtypes, and including 

131 complete genomes (CG) (48 of them cited by Lu et al. (Chapter 5-ref 32)) and 65 German HEV 

sequences (Chapter 5-Supplementary Table S01.). For genotyping and subtyping, four sets of 

nested degenerated primers were selected from this alignment, which target different regions of the 

genome. Previously published primers (Chapter 5-ref 67) were used to amplify a fragment of the RNA-

dependent RNA polymerase (RdRp) region. (Chapter 5-Table 1). By april-2017 this alignment include 

1984 aligned sequences (with the corresponding isolate data), from which 1466 have an assigned 

subtype. This protocol for subtyping have been used in other five studies on HEV in wild animals in 

Germany (Chapter 6), (Chapter 1-ref [20]–[23]). 

Our general approach for subtyping was to construct a reference tree using CG of genotypes 1-4. 

This tree defines the genotypes clades, and also shows the four monophyletic groups: “3jab”, “3chi”, 

“3feg” and “rabbit” that form the genotype 3 (Chapter 5-Figure 1a). Adding an unclassified sequence 

to this tree (or to trees that use partial sequences extracted from the underlying alignment) make possible 
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a classification onto genotypes (which can be achieved for sequences with lengths dawn to 200 or even 

100 nt (Chapter 1-ref [24])) and a preliminary classification into major clade, group or subtype. By using 

only sequences of genotype 3 (Chapter 5-Figure 1b) or even only of the same clade or group we can 

obtain a tree with “better resolution” for a possible definitive classification of the sequence (less 

phylogenetic information is discarded due to saturation of the signal). This approach also permits a better 

definition of the groups and subtypes, to begin with. To investigate the suitability of smaller partial 

sequences to be used in subtyping we constructed a large number of trees and checked whether they 

reproduced the same topology that the corresponding CG tree and whether they offer sufficient 

(bootstrap) support to each of the interesting clades. We limit the subtyping to those sequence regions 

that reproduce the corresponding topology of the CG tree, avoiding doing conclusions from the regions 

which do not (in particular, do not use it to investigate inconsistences in the subtype scheme). Trees 

constructed for sequences more than 1500 nt length retained the same topology and support (with 

bootstrap values of at least 80% for each of the subtypes with more than one sequence) and are the ones 

used to define the subtypes and the reference sequences. This has a good agreement with the posteriorly 

published conclusion of Purdy and Sue of a 1600 nt limit (Chapter 1-ref [24]). They also concluded that 

“Subtyping may be done, but it requires a careful examination of the region to be used to ensure that it 

correctly resolves the subtypes”. We found regions which can be used (Chapter 5-Figure 3, Figure 4 

and Supplementary Figure S03), and also that the quality degrades with smaller lengths down to regions 

that provided insufficient information to subtype most sequences, like the ORF3.225nt (Chapter 5-

Supplementary Figure S11. ) or the ORF2.148nt.   

The construction of high number of trees was possible by the combination of the software MEGA 

v6 and a specially developed Excel worksheet HEVsubtypingMEGAut.xlsm. While the alignment HEV.fas 

refers the sequences only by the GenBank acc. ID the workbook include information we gained from 

the NCBI or the original publications about the sequence, isolate or strain, and also the position in the 

alignment. This permits an easy selection of the sequences (for example only from genotype 3 or major 

clade I, or from some continent or country, or host) that overlap the selected genomic region and 

export it to a text “group” file that can be imported in MEGA to quickly select and label the sequences 

to analyze. All of this is available at https://github.com/qPCR4vir/HEV together with detailed 

instruction of use https://github.com/qPCR4vir/HEV/wiki -especially the Quick Guide of use. 

While there are still sequences that could not be assigned to any subtype, the proposed subtype 

scheme provides a framework with which the majority of the sequences can be classified and thus 

“compared” to other non-overlapping sequences. Subtypes may serve as markers for epidemiological 

(and transmissions) studies and as preliminary grouping to search for biological differences.  

In Mecklenburg-Western Pomerania (Germany) we detected a virus prevalence (HEV RNA) of 3.4% 

(32 out of 955) and 5.2% (three out of 58) in blood samples of wild boar hunted in 1996/97 and 

2005/2006 respectively. In addition, HEV RNA was found in 14 out of 134 wild boar liver samples from 

the Greifswald region, giving a prevalence rate of about 10.4%. Finally, two wild boar liver samples 

https://github.com/qPCR4vir/HEV/blob/master/data/HEVsubtypingMEGAut.xlsm
https://github.com/qPCR4vir/HEV/blob/master/alignment/HEV.fas
https://github.com/qPCR4vir/HEV
https://github.com/qPCR4vir/HEV/wiki
https://github.com/qPCR4vir/HEV/wiki/Quick-Guide-of-use
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(WS03-09 and WS05-09) from individual hunts were also positive. Sequences were recovered from 12 

of this samples and were classified (Chapter 5-Supplementary Table S02) into genotype 3 in the 

subtypes: 3a, which has been detected in Germany in Potsdam, Brandenburg and Bavaria (Chapter 5-

ref 14,15) and is predominant in USA; 3b, the first isolated from a wild animal outside Japan – from 

where it probably originated -, and only once detected in Europa (Chapter 5-ref 65); 3jab – with 

insufficient information for a better subtyping -; and 3i, commonly detected in German wild boars.  

In a similar study (Chapter 6) we found HEV RNA in four out of 13 serum samples from wild rabbits 

collected in the context of a general surveillance program for wildlife pathogens in 1989 in the 

Greifswald area in Mecklenburg Western Pomerania. From one sample a partial sequence could be 

recovered that correspond to the HVR and clustered with others rabbit derived HEV sequences. This 

rabbit sequences form a separate cluster or major clade within the genotype 3. Our sequence was 

related to two other sequences from France (2007 and 2008) and from China (2008-2011). An 

additional sequence of this clade was obtained from a human patient in France, which point to a  

zoonotic potential, which was confirmed by the detection of human derived 3g-like sequence in a 

German wild rabbit from another study (Chapter 1-ref [23]). 

The global distribution of subtypes was tabulated in Chapter 5-Supplementary Table S01.,  

summarized in Chapter 5-Table 2, and partially visualized in Chapter 5-Supplementary Figure S13 

which can be interactively viewed at Tableau-qPCR4vir. Subtype 3a appears to be distributed 

worldwide, but is predominant in USA. 3b is mainly restricted to Japan. Lack of long enough 3chi 

sequences make it difficult to define its internal structure and we expect that new subtypes will be 

defined here (3h-like sequences are found in Europe, Latin America and Africa). 3chi is common in 

Europe, particularly 3c which is predominant in Germany and The Netherlands, but also 3i as it is 

common in German wild boars. 3feg is also more common in Europe, especially 3f in Spain, France and 

The Netherlands while 3e in Hungary. In Germany both 3e and 3f are also common. Only one 3f strain 

was isolated from wild boar (1% from the total of 94 wild boar analyzed), but 204 were isolated from 

humans and domestic pigs (near 20% of the 998 summing from all subtypes). We found that a reported 

switch in England and Wales (Chapter 1-ref [25]) from almost only one HEV type in patients in 2005-

2007 to another type which becomes majoritarian in 2011-2012 is actually an original subtype 3e being 

complemented with the introduction of 3c, which was common in neighbor countries.  

1.7. Flavivirus detection and identification 

Flaviviruses (family: Flaviviridae, genus: Flavivirus) represent one of the biggest health problems 

overall. Historically they had caused multiple devastating epidemics each with tens and hundreds of 

thousands of human deaths. Still today flaviviruses cause serious (re)emerging diseases, e.g. Dengue 

fever, Japanese encephalitis, Tick borne encephalitis, West Nile fever und Yellow fever among others. 

Recently, on 1 February 2016, the WHO declared a Public Health Emergency of International Concern 

https://public.tableau.com/profile/qpcr4vir#!/vizhome/HEV-g3/Story3
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/flaviviridae
https://talk.ictvonline.org/ictv-reports/ictv_online_report/positive-sense-rna-viruses/w/flaviviridae/360/genus-flavivirus
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for the spread of Zika virus infections that was presumably provoking cases of microcephaly in babies 

which caused alarm among pregnant women. That presumption was subsequently confirmed (Chapter 

1-ref [26][27]).   

For many members of the Flavivirus family exist sensitive and specific detection assays, mostly RT-

qPCR. In most situations, however there is a need to screen or monitor for several flaviviruses, ideally 

most of them. But using individual assays in large screening or surveillance programs is very time 

consuming and both technically and economically inconvenient.   

The genomic sequences of the genus are highly heterogeneous, with differences of more than 30% 

between species. Nevertheless, Pan-Flavivirus assays, potentially capable of detecting most of them 

have been developed. Commonly, these assays target the relatively conserved NS5 which codes for the 

RNA dependent RNA polymerase. We gathered actualized (2010) sequence information to optimize 

one of the most used assays (Chapter 7-ref 21) to obtain a more homogeneous sensitivity of detection 

for most flaviviruses (Chapter 7). Nearly 200 complete Flavivirus genome sequences were obtained 

from GenBank (very similar sequences, with more than 98% identity were excluded). The sequences 

were aligned automatically with manual correction taking into account the deduced amino acid 

sequences. Partial sequences were added to reach a total of more than 400 to represent the NS5 gene 

of all known species, including most subtypes or lineages (a regularly updated version is available at 

our Flavivirus GitHub site).  

To facilitate visualization and selection of appropriate primers which hybridize equally well to 

sequences of any group, the fragments within the NS5 (spanning nucleotides 9040 to 9305 of 

AF196835) of the aligned sequences were imported into VisualOligoDeg and manually classified into 

major groups (MB - mosquito borne, TB - tick borne and Insect-only), virus groups (JEVG, YFVG, TBEVG, 

etc.), species (WNV, JEV, YFV, TBEV, etc.) and in some cases into lineages (like WNV-1 or WNV-2, etc.) 

or genotypes. The modified primers PFlav-fAAR (TACAACATGATGGGAAAGAGAGAGAARAA corresponding 

to nt 9040 to 9068 of AF196835) and PFlav-rKR (GTGTCCCAKCCRGCTGTGTCATC from nt 9305 to 9283 of 

AF196835) were used in a SYBRG-RT-qPCR protocol with subsequent melting curve analysis and 

experimentally evaluated for detection of RNA of 26 different flaviviruses, demonstrating for many of 

them better sensitivity than the original primers. The observed shift in the values for Cq, ranging from 

of 5 to 13, (Chapter 7, FIGURE 1) for many viruses may be traduced in improvements of more than 10 to 

1000 times in the limit of detection.  

Detecting and quantifying a flavivirus is a first step, which has to be followed by a test to identify 

the specie. One universal solution is the sequencing of the amplicon which provides in this case enough 

information to identify the virus. But this solution has some known technical difficulties and a few 

limitations. One of them is that without a cloning step it provide only the consensus or majority 

sequence and possible minor sequences or mixes are not detected. 

https://github.com/qPCR4vir/Flavivirus
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To overcome these problems and to improve the throughput, microarray based assays have been 

developed. We continued that path and developed a microarray assay (Chapter 7) based on the 

commercial, low density, and potentially low cost and high throughput, platform of Alere Technologies 

GmbH, Jena, Germany (previously Clondiag). The assay is simple to perform in no more than two hours, 

transferring 1 µL directly from the PCR reaction into the hybridization buffer provided with the kit. The 

selection of the probes, in contrary, was challenging. In other applications there is a need to find a set 

of probes each of which identify one group of viruses (let say, a genotype or specie and do not react to 

others), selecting a zone with mutations in any other virus. This approach exploits relatively conserved 

regions with only sufficient variability to detect differences between groups. In our situation, in 

contrast, due to the extreme high variability of flaviviruses, the major challenge was instead to find a 

probe or set of probes that just could detect all variants of the given group, e.g. a WNV lineage 2, a 

Dengue virus 1, JEV, etc. (Chapter 7, TABLE S01, with 84 probes with a Tm around 55°C). Following this 

approach not a unique probe was selected (with VisualOligoDeg) to identify each unique virus variant, 

but a group of probes that collectively identifies a group of viruses. Thus each viral group is 

characterized by a - “pattern” of probe reactions. Initially we found no software completely 

appropriated for this situation, and some were slow for the number of test we needed.  For the 

interpretation of the results, we also needed a software to model probe-targets hybridizations, 

preferably without previous alignment of all the target sequences. The solution was to develop two 

new software (see VisualOligoDeg and ThDy_DNAHybrid in section “Primers and probe design”).  

To finally identify the virus, new approaches were developed to process the resulting raw data 

obtained after the initial processing of the image of the experimental hybridization. In the simplest 

situations a visual inspection of the intensity values using a bar diagram is sufficient to identify the 

sample (Chapter 7, FIGURE 3).  While the hybridization patterns are not significantly affected by 

variations in the quantitative viral load of the sample, changes are, in contrast, readily visible when 

different strains of the same virus species are examined. Other situations needed more advanced 

processing. A new script was embedded into the Partisan IconoClust® v3.6r0 software (Alere 

Technologies GmbH) to export the normalized intensity signals in different formats, including a format 

suitable for import into Orange (Chapter 1-ref [28])– software, which allows visual programming and 

python scripting (http://orange.biolab.si).  

In Orange, the visual program PanFlavExpStdSampl (Chapter 7, FIGURE S01) was created, which, 

together with custom modifications of some parts of Orange itself, permits an interactive import of the 

data from experiments used as standards (known samples) for parallel analysis (comparison) with 

unknown samples for classification. In one approach, an Orange “widget” shows a tree (Chapter 7, 

FIGURE 4), in which a cut-off can be interactively selected and groups may be defined to make a report 

of the proposed classification (this is based on cluster analysis carried out on the distances between 

the hybridization patterns). This is the preferred method to visualize the identification of viruses in 

https://github.com/qPCR4vir/ThDySec/blob/master/ThDy/sequences/Virus/Togaviridae%20-%20Family/Alphavirus%20-%20genus/Alphavirus%20-%20genus/VEEV-Julander%20PCR%20region-Alignment.fasta
https://github.com/qPCR4vir/Flavivirus/blob/master/microarray/icono_clust_scripts/OnlyMeanSignal.icrun
http://orange.biolab.si/
https://github.com/qPCR4vir/Flavivirus/tree/master/microarray/orange
https://github.com/qPCR4vir/orange/commit/84f0a20e58b40b238f52319f2017ae77df0dbf72
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samples that contain only one single flavivirus. In another approach a heat map-like graphics visualizes 

calculated distances between intensity patterns (Chapter 7, FIGURE 5), in which the labels and the order 

of the samples can be interactively selected from a group of pre-options. We have added (directly 

modifying the source code of Orange) the option (by mouse clicking the respective cell) of reorganizing 

the heat map showing the selected sample at the top, followed by the most similar samples. This 

graphic can also show the samples organized in a tree to reveal clustering and perhaps more 

importantly, it also permits visualization of mixes of flaviviruses (Chapter 7, FIGURE 5).  

The limitation of comparing each new experimental sample only with other known experimental 

samples could be overcome using virtual hybridizations as standards. ThDy_DNAHybrid was used to 

introduce the sequences of the desired “virtual standard” strains and to calculate the modeled ∆G of 

hybridization (at 55°C, the temperature used in our experiments) of that sequence with each of the 

probes present in our microarray. This modeled data is imported into PanFlavExpVirtStdSampl a 

modified Orange visual program (Annex, Figure 5) which includes a conversion from ∆G to I (intensity).  

The last is achieved by the simplified empirical formula: 

𝐼 = 𝐼(∆𝐺, ∆𝐺𝑠𝑎𝑡 , ∆𝐺𝑠𝑒𝑛𝑐) = 𝐼𝑠𝑎𝑡𝑒
− 

∆𝐺 − ∆𝐺𝑠𝑎𝑡
∆𝐺𝑠𝑎𝑡 − ∆𝐺𝑠𝑒𝑛

 ln (𝐼𝑠𝑒𝑛𝑐/𝐼𝑠𝑎𝑡)
 

where the values of the saturating intensity and ∆G (Isat and ∆Gsat) and of the sensitivity limit (Isenc 

and ∆Gsenc) were selected empirically. For ∆G < ∆Gsat I is set to Isat. The final formula used in 

VisualOligoDeg and in PanFlavExpVirtStdSampl for the normalized intensity (maximum set to 1) is just 

a convenient transformation: 

𝐼𝑛𝑜𝑟𝑚 = 𝐼𝑛𝑜𝑟𝑚(∆𝐺, ∆𝐺𝑠𝑎𝑡 , ∆𝐺𝑠𝑒𝑛𝑐) = 𝜗𝑒∆𝐺 𝜌 
Where: 

𝜌 =  
ln (𝐼𝑠𝑒𝑛𝑐)

 ∆𝐺𝑠𝑒𝑛− ∆𝐺𝑠𝑎𝑡 
 ,  𝜗 = 𝑒−∆𝐺𝑠𝑎𝑡 𝜌 

 

Figure 3. Transformation of the modeled ∆G (for hybridization of the selected target sequence with each probe of the 
microarray) into a “virtual” microarray by modeling the resulting intensity using an empirical formula with empirically 
selected values for the parameters. The intensity uses arbitrary units, while ∆G is given in kcal/mol. 

The procedure is robust enough to permit significant variations of these parameter and still most 

of experimental standards cluster together with the corresponding virtual standards. 

https://github.com/qPCR4vir/orange/commit/21c3996c1712baf8819e2050e7dccc31593cf2a0
https://github.com/qPCR4vir/ThDySec/blob/master/ThDy/sequences/Virus/Togaviridae%20-%20Family/Alphavirus%20-%20genus/Alphavirus%20-%20genus/VEEV-Julander%20PCR%20region-Alignment.fasta
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Flavivirus RT-qPCR screening was conducted (Chapter 7) on 340 mosquito pools collected in Greece 

in 2012. One pool yielded a strong positive result (Cq – 21.5), and two resulted of medium (Cq – 31.6 

and 32.5) and two of weak concentrations (Cq – 37.3 and 38.5). PCR products of 13 mosquito pools 

(including all positive specimens, as well as six negative) underwent microarray analysis (Chapter 7, 

TABLE 2), which revealed the presence of WNV lineage 2 sequences, similar to the Austria strain, in five 

of them. Sequencing of four of these five amplicons revealed full identity to the WNV lineage 2 isolates 

Hungary/04 (acc. n. DQ116961) and Nea Santa-Greece-2010 (acc. n. HQ537483). 

1.8. Conclusions 

RNA virus classification and taxonomy directly influences the development of new DNA-

hybridization based diagnostic techniques. It affects how the target group is defined and what 

sequences are selected to be used during the design of the assay. The high sequence variation both 

intra and inter groups, together whit insufficient sequence information and the potentially (only 

apparently contradicting) high number of those sequences make the task not trivial. We developed two 

software tools, which conveniently complement other widely used, for design or evaluation of primers 

and probes. We used then in the development and application of assays for detection and identification 

of a wide groups of RNA viruses, many of them linked to important (re)emerging animal and human 

diseases.  

Our published assays for detection and quantification of WNV 1 and 2 (Chapter 2) have been 

successfully used by numerous independent laboratories (Chapter 1-ref [29]–[38]) and contributed to 

the detection of WNV lineage 2 (Chapter 1-ref [30][37]) in different regions of the world and also to the 

follow up of vaccine- (Chapter 1-ref [39][40]) and infection experiments (Chapter 1-ref [35], [38], [41], 

[42]). The assays are also used in WNV monitoring or surveillance programs (Chapter 1-ref [43][44]). 

The VEEV posed (Chapter 3) us a particular challenge: we used VisualOligoDeg to deduce a set of 

sequences that comprised all combinations of observed mutations in the target regions of the primers 

and probe and generated a set of 15 synthetic RNA that includes a total of 10 subtypes from all 6 VEEV 

types. Experimentally it was demonstrated that the new assay is capable to detect all these subtypes.  

The considerable effort of Lambert et al. (Chapter 4-r6) in creating a multiplex PCR assay for the 

detection of medical important Bunyaviruses (grouped into a classification tree of variable deep) clearly 

illustrated the necessity and convenience of the tools we created. Interesting, we successfully used 

(Chapter 4) their Bunyamwera virus primers for the detection of a virus (Ngari) that they could not test. 

This detection allows us to supports the extension of the range of Ngari virus infection to goats (it had 

been detected in a human and mosquitoes) (Chapter 4, r8) and demonstrates the occurrence of Ngari 

virus infection during the 2010 RVFV outbreak in Mauritania. We are aware of only one additional 
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report of infection, in sheep also in Mauritania in 1988, although no further characterization was 

conducted (Chapter 4, r9). 

We designed (Chapter 5) RT-PCR assays for screening, quantification and genotyping of HEV-3 

strains, and detected viral RNA in wild boar samples from Mecklenburg-Western Pomerania, Germany. 

Twelve strains clustered into subtypes 3a, 3i and, unexpectedly, also 3b, which is a common subtype in 

Japan, but had never been reported in animals in Europe. The phylogenetic trees based on our partial 

sequences of ORF1, RdRp, HVR and ORF2 regions reproduced similar topology as obtained from 

complete genome analysis and were useful for subtyping.  

More than 30 different PCR fragments and corresponding genomic regions, without sufficient 

standardization, have been used for genotyping and subtyping so far, being a source of ambiguous 

subtyping schemes and inadequate classification. The presented study offers an updated set of 

reference sequences for the relatively simple and neutral subtype scheme proposed by Lu et al. 

(Chapter 5-ref 32), which could eliminates most of the existing incongruences and creates the basis for 

new hypotheses regarding the Hepatitis E epidemiology. In the future, a comprehensive subtyping of 

all sequenced HEV-3 isolates according to this classification scheme could enable a detailed view of the 

spread of HEV-3 strains among pigs, wild life and humans, and could allow to determine the 

consequences of infections with different subtypes on humans and finally help to limit the  spread of 

the disease. Our published findings (Chapter 5) anticipated the publication of the International 

Committee on the Taxonomy of Viruses, that reconsider their negative opinion about subtyping 

(Chapter 5-ref 68), recommending now (Chapter 1-ref [45]) a subtype scheme with a set of reference 

sequences similar to the one we selected. Both sets are not only almost compatible, but also 

complementary, because while the Committee proposes only one “central” reference for each subtype 

we aim to identify every sequence which can be used as a reference, thus defining also the current 

“limits” of each subtype. We also offer the alignments and other tools that facilitate the subtyping. 

Our finding in a retrospective study for the first time of HEV in wild rabbit in Germany (Chapter 6) 

contributed to support the need for of a well- structured wildlife surveillance program in Germany and 

elsewhere. 

There is an urgent and global need for monitoring and surveillance of Flavivirus. A sensitive, quick 

and high throughput assay may add a significant progress in that direction. Our new RT-qPCR-

microarray assay have provided a promising starting point (Chapter 7). With an improved set of primers 

we were able to detect and identify 26 reference strains and to identify Flavivirus members in 

experimental and field samples. An important distinction of this microarray platform from well-known 

glass-slide arrays used for gene expression studies, is that it is optimized to detect genetic (sequence) 

variations, rather than the concentration or relative quantity of amplicons. Thus, the present 

microarray signal intensity values are used solely for identification or classification, while quantification 

is performed in the preceding RT-qPCR step. 
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Ours both new software tools were used during the microarray design and interpretation of the 

results. In particular novel scripts implemented in Orange integrate experimental standards and 

“virtual” ones obtained by modeling DNA hybridizations and permit rapid identification of the virus 

found in positive PCR samples. Nevertheless the potential use of machine learning algorithms within 

Orange had yet to be explored.   

Using the combined assay, five, out of 340 mosquitos pools from Greece (2012) were found to 

contain WNV lineage 2 similar to the strain previously (2010) found there. This points to the necessity 

of continue control and monitoring of mosquitos in that country. 

Figure 4. Simplified general schema of the design, use and analyses of results of an assay (similar to Chapter 7) for detection 
and identification of a given group of RNA viruses and the potential role of the new tools VisualOligoDeg and 
ThDy_DNAHybrid. It underlines the importance of the design of primers and probes from a set of highly variable sequences 
in a complex classification scheme, and also the potential use of modeled hybridizations to cover sequences for which no 
experimental standard are available. 

In summary, we want to stress the importance and complexity of the initial design step of selection 

of primer and probes candidates that solve the major problem in RNA virus detection: the high 

sequences variation, both inter and intra target groups. We offer two tools that may help during that 

selection (Figure 4).  
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J Vet Diagn Invest 22:748–753 (2010) 

Two new real-time quantitative reverse transcription polymerase chain 

reaction assays with unique target sites for the specific and sensitive detection 

of lineages 1 and 2 West Nile virus strains 

Martin Eiden, Ariel Vina-Rodriguez, Bernd Hoffmann, Ute Ziegler, Martin H. Groschup1 

Abstract. Two novel 1-step real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) 
assays for the simultaneous detection of West Nile virus (WNV) lineage 1 and 2 strains were developed. Primers 
and the probe of assay 1 target the 5’-untranslated region (UTR), whereas the amplicon of assay 2 is located in the 
nonstructural region NS2A, which enables an unambiguous and independent WNV diagnosis based on 2 different 
amplicons. Both assays allow the detection of as few as 2–4 genome copies of WNV strains NY99, Uganda B956, 
Kunjin, and Sarafend (all cultured on Vero cells). A new synthetic RNA mutant of the 5’-UTR amplicon, which 
contains 6 twist inverted base-pair changes at the probe attachment site, was used as external calibrator control. 

 Key words: Real-time quantitative reverse transcription polymerase chain reaction; West Nile virus. 

 

West Nile virus (WNV; family Flaviviridae, genus 
Flavivirus) was first detected in a woman in the West Nile 
District of Uganda in 1937.24 West Nile virus is an 
arthropod-borne virus grouped in the Japanese 

encephalitis virus (JEV) serocomplex, which includes the St. 

Louis encephalitis virus, JEV, and Murray Valley 

encephalitis virus (MVEV), among others.11 A large variety 
of wild bird species are the natural reservoir for WNV19; 
however, its host range is very broad and encompasses not 
only humans but also equids, alligators, dogs, sheep, and 
many other species.4 Human infections are characterized 
by flu-like illnesses that are associated with headache, high 
fever, chills, arthralgia, malaise, and retro-orbital pain. Up 
to 1% of infected human beings develop severe 
encephalitis, myelitis, and/or meningitis, and of these 
cases, 1 in 20 dies.20 

The introduction of WNV into New York in 1999 and its 
rapid spread lead to cases in almost all North American 
states and provinces, in addition to some Central and South 
American countries.10 In Europe, WNV was first detected in 
France14 and Portugal,9 and recent outbreaks have occurred 
in Romania,21 Italy,18,22 Hungary,8 and Austria.25 

West Nile virus consists of a linear, single-stranded, plus-
sense RNA, which encodes for 3 structural (C, prM, and E) 
and 7 nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, 
and NS5) proteins.4 It has been recently proposed3 that 
WNV be grouped into 5 lineages. Lineage 1 is found in some 
parts of southern Europe, Asia, Africa, and North America. 
The Kunjin virus, which circulates in Australia, represents a 
subtype of lineage 1.23 Lineage 2 strains are  
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found in sub-Saharan Africa and Madagascar5 and have 
also recently been discovered in Hungary and Austria.2 

Lineage 3 is represented by a virus strain that was isolated 
from mosquitoes in the Czech Republic, designated the 
Rabensburg virus1; lineage 4 was isolated from a tick 
isolate from the Caucasus.2 West Nile virus strains from 
India, which group into a subcluster of lineage 1, are 
sometimes thought to represent lineage 5.3 

The aim of the following study was to develop 2 one-
step duplex real-time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR) assays that target 
different regions of the WNV genome for an unambiguous 
identification of viral nucleic acid. For this purpose, the 
WNV strains NY99a (GenBank accession no. AF196835), 
Uganda B956a (GenBank accession no. AY532665), 
Sarafendb (GenBank accession no. AY688948), and Kunjinb 

(GenBank accession no. D00246) were used, which were 
grown on Vero (African green monkey kidney epithelial) 
cells. Virus titers were determined by 10-fold dilution 
series (in 8 replicates) in 96-well plates (100 µl/well) on 
fresh cell monolayers and cytopathologic effects, read 
after an incubation period of 6–7 days at 37°C. Cells were 
subsequently fixed and stained with crystal violet. Virus 
titers (50% tissue culture infective doses [TCID50]) were 
calculated using the Spearman–Kärber method.15 

Moreover, Yellow fever virus (YFV) strain YF-17D,c JEV,d 

Tickborne encephalitis virus (TBEV) strain Langaat,e and 
MVEVb were used in the RT-qPCR specificity studies. Viral 
RNA was isolated from a cell culture medium using a 
commercial kit.e Cell culture supernatant (140 µl) was 
added to 560 µl AVL (lysis) buffer,e spiked with 5 µl of an 
internal control RNA (IC-RNA) containing 2×105 copies/µl, 
and eluted from columns in a final volume of 50 µl in AVE 
buffere and stored at -70°C until use. 

Suitable primers and probes for the RT-qPCR detection 
of WNV lineage 1 and 2 strains were designed in silico by 
aligning full-length sequences of 186 flavivirus and 95 
WNV isolates (from the National Center for Biotechnology 
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Information database) using Vector NTI Advance primer 
design software 10.0.f The first WNV-specific amplicon site 
was identified in the highly conserved 5’-untranslated 
region (UTR) segment (assay 1) and the second in the 
nonstructural NS2A region (assay 2). The corresponding 
primers and probes are listed in Table 1. Probes were 
labeled at the 5’ end with the FAM reporter dye and at the 
3’ end with the quencher dye TAMRA.g 

The real-time PCR assays were performed with a 
commercial systemh and kite in a total volume of 25 µl. For 
these assays, 5 µl of RNA, 20.0 pmol of each primer, and 2.5 
pmol of each probe were used. An in vitro transcribed green 
fluorescent protein gene fragment was used as IC-RNA 
extraction control (2.5 pmol of IC-RNA– specific primers and 
1.5 pmol of probe), as described above.12 Cycling times were 
as follows: 1 cycle at 50°C for 30 min (reverse transcription), 
95°C for 15 min, and 42 cycles at 95°C for 30 sec, 55°C for 
30 sec, and 72°C for 30 sec. Pure water and a no-template 
control were used as negative controls in every run. 
Furthermore, WNV samples were comparatively analyzed 
using 3 previously published RT-qPCR assays (assays 3–5). 
Primer and probes of assay 316 targeted the WNV genome 
position 1160–1229, assay 417 the genome position 10–153, 
and assay 513 the genome position 10597–10672. 

For the quantification of WNV copy numbers, a synthetic 
external calibrator was designed (Fig. 1A), which comprised 
the target sequences of assay 1 and used the same primers 
and probe. However, the binding site of the second probe 
(position 66–88) was mutated in this external calibrator by 
mirror inversions of 6 guanine/cytosine sequences to create 
a new specific target site, which can be detected only by a 
synthetic control probe (Fig. 1A; Table 1). An additional viral 
control probe (position 66– 92) detected the corresponding 
original viral sequence. Using primer INEID f1 and INEID r1 
in combination with the synthetic control probe allows the 
unambiguous detection of the synthetic control RNA, 
whereas the use of viral control probe together with assay 1 
primers (INEID_f1 and INEID_r1) confirms viral RNA. This 
construct was amplified using vector PCR 2.1g; the vector 
was linearized  with HindIII  and in-vitro transcribed using a  

commercial in vitro transcription system.i The obtained 
transcripts were purifiede (without carrier RNA), and the 
amounts of RNA were estimated.f 

In order to determine the minimal copy number, an external 
calibrator was developed based on the WNV assay 1 target 
sequence and an authentic target site composition for the 
probe (Fig. 1A). Serial dilutions of this calibrator yielded copy 
numbers ranging from 1 to 2.5×107 copies/µl and were used 
to establish a calibration curve depicting mean threshold cycle 
(Ct) values plotted against the RNA copy numbers (Fig. 1B). 
The calibrator sequences were amplified in parallel using 
assay 1 primers and probes as well as assay 1 primers and 
synthetic control probe. The curve showed a linear 
progression for the WNV probe assay and a PCR efficiency of 
1.0 and displayed (for synthetic control probe– derived assay) 
a PCR efficiency of 0.97. Both standard curves exhibited a 
correlation coefficient of .0.99. Based on this calibration 
curve, it can be concluded that the 2 new qRT-PCR assays are 
capable of detecting 2–4 RNA copies of WNV lineage 1 and 2 
strains. The analytical sensitivity, as determined by the 
synthetic calibrator, is based on extractions from pure 
solutions. No inhibition was observed when this calibrator 
(100 RNA copies) was extracted from horse plasma (data not 
shown). In general, the impact of different matrix 
backgrounds (such as plasma or cell culture medium) was 
revealed by the internal control (present in all reactions and 
set to give a Ct value of 25–27).12 

The 2 novel RT-qPCR assays for WNV were compared to 3 
previously published assays (assays 3–5) with regard to their 
sensitivity and amplification efficiency. To compare the 
analytical sensitivity of all assays, Ct values were normalized 
by comparing them with a positive RNA control (WNV strain 
NY99), which was added to each run. The experimental limit 
of detection (LOD) was set at the serial dilution corresponding 
to 3 copies of external calibrator, based on the finding that 3 
copies per PCR reaction were detected to 100% (Fig. 1C). This 
is in accordance to the Minimum Information for Publication 
of Quantitative Real-Time PCR Experiments Guidelines.6 

The analytical sensitivity comparison was carried out by 
determining  duplicate  Ct  values  of  10-fold dilutions (10-1– 
10-7)   of   WNV   strain   NY99-derived   and  Uganda-derived 

Table 1. Primers and probes selected for West Nile virus (WNV)–specific real-time quantitative reverse transcription polymerase 

chain reaction.* 
Assay/name Oligo sequence Genome position 
Assay 1  

INEID f1 
  

    INEID f1 AGTAGTTCGCCTGTGTGAGC (s) 1–20 

INEID r1 GCCCTCCTGGTTTCTTAGA (as) 118–100 
INEID probe FAM-AATCCTCACAAACACTACTAAGTTTGTCA-TAMRA (as) 40–21 
Synthetic control probe HEX-CTCCCACCTCTTTCTTACCACGA-BHQ1 (s) 66–88 
Viral control probe Cy5-GTGCGAGCTGTTTCTTAGCACGAAGAT-BHQ1 (s) 66–92 

Assay 2  

FLI-WNF5-F 
  

FLI-WNF5-F GGGCCTTCTGGTCGTGTTC (s) 3558–3576 
FLI-WNF6-R GATCTTGGCYGTCCACCTC† (as) 3621–3603 

FLI-WNF-Probe FAM-CCACCCAGGAGGTCCTTCGCAA-TAMRA (s) 3581–3602 
* Genome position refers to WNV complete genome NY99 (GenBank accession no. AF196835). (s) = sense orientation; (as) =  antisense 

orientation,  

† Y: C/T. 
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Figure 1. Synthetic calibrator. A, composition of the synthetic external calibrator sequence: Cytosine and guanine exchanges of the 
synthetic calibrator sequence are designated in red. The corresponding viral sequence is shown above. B, standard curve of external calibrator 
real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR). West Nile virus qRT-PCR protocol was carried out using 
primers and probe of assay 1 (blue line) or synthetic control probe (red line). Ten-fold dilutions of synthetic RNA were subjected to RT-qPCR. 
Threshold cycle (Ct) values in at least 3 replicates are plotted against synthetic RNA copies on a log scale. The regression function and 

correlation coefficient (R2) of RT-qPCR with probe of assay 1 [1] and synthetic control probe [2] are inserted into the plot. C, The limit of 

detection (LOD) was determined by using quantified serial dilutions in at least 3 replicates of external calibrator RNA, which sets the end-point 
limit of detection for 3 copies per reaction. (copies) = copies per (PCR) reaction. 

RNA (Table 2).  The  LOD for WNV  strain  NY99  was 
between 10-7 and 10-6 dilution, which corresponded to 
1.2– 12.2 copies per reaction. All assays detected the 10-

6   dilution of NY99 RNA with similar analytical sensitivity:  

Assay 1 displayed a mean Ct of 34.3 ± 0, assay 2 a mean Ct 
of 34.5 ± 0, assay 4 a mean Ct of 34.5 ± 0.8, assay 5 a mean 
Ct of 34.8 ± 0.2, and assay 3 a mean Ct of 34.9 ± 0.2. In 
addition,  assays  1,  3, and  5  were  able  to detect 10-7 RNA 

Table 2. Comparative real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis of 5 different RT-qPCR primer 

probes: assay 1 (current study), assay 2 (current study), assay 3,16 assay 4,17 and assay 5.13 

 
Virus Dilution Assay 1 Assay 2 Assay 3* Assay 4 Assay 5 reaction 

NY99 10-1 15.9 16.5 17.2 17.2 16.8 16.9 16.2 16.0 16.9 16.6 1,222,811.0 
 10-2 19.8 19.9 20.8 20.8 20.5 20.5 19.5 19.1 20.3 20.3 122,281.0 

 10-3 23.9 24.1 24.5 24.4 24.3 24.3 23.9 23.7 24.2 24.2 12,228.0 

 10-4 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0 27.9 28.1 1,223.0 

 10-5 31.5 31.7 31.4 31.6 31.6 31.6 30.6 30.5 31.5 31.5 122.0 

 10-6 34.3 34.3 34.5 34.5 34.8 35.0 35.1 33.9 34.7 35.0 12.2 

 10-7 36.3 35.9 >42 >42 40.0 38.7 No Ct† No Ct 37.6 38.5 1.2 
Uganda 10-1 18.0 18.3 19.2 19.1   19.0 19.0 21.5 21.6 668,139.0 

 10-2 22.0 22.0 22.8 22.7   22.4 22.5 25.0 25.1 66,814.0 

 10-3 25.1 25.1 26.2 26.2   26.0 25.9 28.4 28.7 6,681.0 

 10-4 28.6 28.9 29.7 29.6   28.6 28.7 32.1 32.4 668.0 

 10-5 31.6 32.2 32.5 32.7   31.8 31.8 35.2 35.9 66.8 

 10-6 34.9 35.0 37.7 36.9   No Ct 39.1 40.3 37.1 6.7 

 10-7 36.7 36.1 No Ct .42   >42 41.1 No Ct No Ct 0.7 
* Assay 3 is only designed for the detection of lineage 1 strains.  
† Ct = threshold cycle. 
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Table 3. Sensitivity of the real-time quantitative reverse transcription polymerase chain reaction assays for West Nile virus (WNV) strains 

NY99, Uganda 956, Kunjin, and Sarafend.* 

WNV strain Dilution 
Virus titer 

(TCID50/ml) 
 

Assay 1 
 

Assay 2 Copies per reaction 
NY99 10E8.5 10E-1 10E7.5 16.7 17.0 17.4 15.5 1,074,525.0 
 10E-2 10E6.6 20.5 21.2 20.8 20.5 107,453.0 
 10E-3 10E5.5 24.1 24.6 24.6 24.6 10,745.0 
 10E-4 10E4.5 27.0 27.9 27.8 28.0 1,075.0 
 10E-5 10E3.5 30.0 31.8 30.5 32.2 107.0 
 10E-6 10E2.5 33.5 34.1 33.8 33.5 11.0 
 10E-7 10E1.5 37.7 35.8 39.9 37.0 1.1 
 10E-8 10E0.5 No Ct >42 No Ct No Ct 0.1 
 10E-9 10E-0.5 >42 40.5 >42 >42 0.0 
Uganda 10E5.0 10E-1 10E4.0 18.5 18.5 19.7 20.0 298,427.0 
 10E-2 10E3.0 22.3 22.7 23.9 23.8 29,843.0 
 10E-3 10E2.0 26.4 26.2 27.9 28.0 2,984.0 
 10E-4 10E1.0 29.5 30.21 30.9 30.91 298.0 
 10E-5 10E0.0 32.65 33.06 33.4 33.62 30.0 
 10E-6 10E-1.0 36.21 35.1 37.2 37.7 3.0 
 10E-7 10E-2.0 No Ct No Ct >42 41.9 0.3 
 10E-8 10E-3.0 No Ct No Ct No Ct No Ct 0.03 
 10E-9 10E-4.0 >42 No Ct 41.6 No Ct 0.0 
Kunjin 10E6.9 10E-1 10E5.9 17.8 18.1 17.3 17.8 462,655.0 
 10E-2 10E4.9 22.0 21.2 21.1 20.7 46,265.0 
 10E-3 10E3.9 25.7 25.7 24.7 23.9 4,627.0 
 10E-4 10E2.9 29.4 29.7 28.6 28.3 463.0 
 10E-5 10E1.9 37.3 35.5 33.0 33.6 46.0 
 10E-6 10E0.9 37.2 36.0 35.8 36.6 4.6 
 10E-7 10E-0.1 39.2 39.0 40.4 39.1 0.46 
 10E-8 10E-1.1 40.9 38.7 40.4 >42 0.05 
 10E-9 10E-2.1 40.1 >42 No Ct No Ct 0.0 
Sarafend 10E8.8 10E-1 10E7.8 19.5 19.9 18.1 18.1 320,931.0 
 10E-2 10E6.8 23.0 22.0 21.4 21.6 32,093.0 
 10E-3 10E5.8 26.5 26.3 25.3 25.4 3,209.0 
 10E-4 10E4.8 28.1 28.4 27.9 27.8 321.0 
 10E-5 10E3.8 33.7 33.6 32.3 32.6 32.0 
 10E-6 10E2.8 35.1 34.4 34.6 34.2 3.2 
 10E-7 10E1.8 36.7 36.1 36.2 35.9 0.3 
 10E-8 10E0.8 >42 No Ct 42.0 >42 0.0 
 10E-9 10E-0.2 >42 No Ct No Ct No Ct 0.0 
* TCID50/ml = 50% tissue culture infective doses per milliliter; Ct = threshold cycle. 

dilution (mean Ct of 36.1 ± 0.3 for assay 1, a mean Ct of 

38.1 ± 0.6 for assay 5, and a mean Ct of 39.3 ± 1.0  for  

assay 3). The LOD for WNV strain Uganda was between 

10-7 and 10-6 RNA dilution, which corresponded to 0.7– 6.7 

copies per reaction. The 10-6 Uganda RNA dilution was 

detected by assays 1 and 2 and harbored mean Ct values 

of 35.0 ± 0.1 and 37.3 ± 0.6, respectively. Assay 5 

displayed a mean Ct of 38.6 ± 2.3, while assay 4 exhibited 

only a single Ct of 39.1. In addition, assay 1 detected 10-7 

Uganda RNA dilution, with a mean Ct of 36.4 ± 0.4. Assay 

3 is designed only for WNV lineage 1 strains. The results 

demonstrate that the new assays 1 and 2 are suitable for 

sensitive detection of both WNV lineages. 

In  addition,  both  of  the  new  RT-qPCR  assays  were 

evaluated  by  testing  the  four  WNV  strains for which 

the infectivity titers in the tissue culture supernatants 

were determined: WNV strain NY99 contained 108.5 

TCID50/ml, Uganda B956 contained 105.0 TCID50/ml, Kunjin 

 contained 106.9 TCID50/ml, and Sarafend contained 108.8 

TCID50/ml. The analytical sensitivity of each assay was 

evaluated by comparing duplicate Ct values of RNA 

extracts of 10-fold supernatant dilutions (Table 3). Both 

assays detected WNV strains of lineage 1 (NY99, Kunjin) 

and lineage 2 (Uganda B956, Sarafend) with an extremely 

high and comparable sensitivity. The LOD for WNV strain 

NY99 was in the range of 101.5–102.5 TCID50/ml, which 

corresponded to 1.1– 11 copies per reaction. Assay 1 

exhibited a similar sensitivity compared to assay 2, 

yielding a mean Ct of 36.75 ± 1.34 versus 38.45 ± 2.05 for 

a solution containing 101.5 TCID50/ml. The LOD for WNV 

strain Uganda was at a virus titer of 10-1 TCID50/ml, which 

corresponded to 3 copies per reaction. Again, both assays 

1 displayed a comparable sensitivity (mean Ct of 35.66 ± 

0.78  vs.  37.45 ± 0.35).  For  WNV  strains  Kunjin                 

and  Sarafend,  the  LODs  were  at  a  titer  of 100.9 

TCID50/ml  (4.6  copies  per  reaction)  and   102.8         

TCID50/ml   (3.2   copies   per   reaction).  Even  for  
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Table 4. Specificity of real-time quantitative reverse transcription 

polymerase chain reaction (RT-qPCR) assays for Murray Valley 

encephalitis virus (MVEV), Japanese encephalitis virus (JEV), Yellow 

fever virus (YFV), and Tick-borne encephalitis virus (TBEV).* 

Species 

Threshold cycle  

pan-Flavi (SYBR Green) Assay 1 Assay 2 

WNV (NY99) 22 23 21.7 

WNV (Kunjin) 22.7 27.8 24.9 
WNV (Sarafend) 23.3 25.8 23.3 
WNV (Uganda) 24.2 25.2 26.9 
MVEV 23.6 33.8 No Ct 
JEV 23.9 No Ct 28.4 
YFV 23.9 No Ct No Ct 
TBEV 24.3 No Ct No Ct 

* WNV 5 West Nile virus; Ct = threshold cycle. Flavivirus 

species–derived RNA is calibrated with a SYBR Green real-time 

RT-PCR based on pan-Flavi primer set. 

these strains, assays 1 and 2 were compatible in terms of 
sensitivity for the detection of WNV strains Sarafend 
(mean Ct of 34.74 ± 0.52 vs. 34.40 ± 0.28) and Kunjin 
(mean Ct of 36.63 ± 0.86 vs. 36.2 ± 0.56). 

The 2 new RT-qPCR assays were eventually tested with 
other species of genus Flavivirus, such as YFV, JEV, TBEV, 
and MVEV, in order to verify the specificity of the 
detection. For the adjustment of comparable RNA 
amounts for the different species, a SYBR Green real-time 
RT-PCR based on the pan-Flavi primer set (as previously 
published7) was used, which targeted the conserved NS5 
region of this genus. As shown in Table 4, assay 1 detected 
MVEV (Ct = 33.8), and assay 2 detected JEV (Ct = 28.4). All 
other analyzed species were not detected. Assay 2 may 
therefore be used under certain conditions for additional 
detection of JEV. Thus, the combined use of assays 1 and 
2 helps one to avoid false-positive results for MVEV or JEV 
and enables the specific detection of WNV. 

In summary, 2 new RT-qPCR assays were established for 
the detection of WNV genome, with excellent analytical 
sensitivity and good specificity. The high sensitivity of 
both assays for WNV lineage 2 allows the efficient 
detection of these emerging infections in Europe (i.e., 
Hungary since 20048 and Austria since 2008 [Department 
for Environment, Food Rural Affairs: 2008, West Nile virus: 
Austria. Reference: VITT 1200/WNV-Austria. Available at 
http://www.defra.gov.uk/foodfarm/farmanimal/diseases
/monitoring/documents/wnv-austria.pdf . Accessed on 
April 15, 2010]). The 2 assays can be used in parallel or 
sequentially to mutually reconfirm the obtained results, 
since the 2 primer sets anneal at different regions of the 
WNV genome (highly conserved 5’UTR segment [assay 1] 
and NS2A region [assay 2]). Moreover, a new kind of 
external calibrator was designed, which relies solely on 
mirror-inversion mutations that can be discerned from 
the original viral sequences by a calibrator-specific RNA 
probe. 
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Venezuelan equine encephalitis virus (VEEV) is an Alphavirus from the family Togaviridae that causes epizootic outbreaks in 

equids and humans in Central and South America. So far, most studies use conventional reverse transcriptase PCR assays for the 

detection of the different VEEV subtypes. Here we describe the development of a TaqMan quantitative real-time reverse 

transcriptase PCR assay for the specific detection and quantitation of all VEEV subtypes which uses in parallel a universal equine 

encephalitis virus control RNA carrying target sequences of the three equine encephalitis viruses. The control RNA was used to 

generate standard curves for the calculation of copy numbers of viral genome of Eastern equine encephalitis virus (EEEV), 

Western equine encephalitis virus (WEEV), and VEEV. The new assay provides a reliable high-throughput method for the 

detection and quantitation of VEEV RNA in clinical and field samples and allows a rapid differentiation from potentially 

cocirculating EEEV and WEEV strains. The capability to detect all known VEEV variants was experimentally demonstrated and 

makes this assay suitable especially for the surveillance of VEEV. 

1. Introduction 
Western equine encephalitis virus (WEEV), Eastern 

equine encephalitis virus (EEEV), and Venezuelan 

equine encephalitis virus (VEEV) are arthropod-borne 

(arbo) viruses of the genus Alphavirus of the virus family 

Togaviridae. To date these viruses are restricted to the 

Americas but due to worldwide travelling and trade they 

might be introduced also to other parts of the world in the 

future. All three equine encephalitis viruses are classified 

as Category B agent by the Centers for Disease Control 

and Prevention, Atlanta 

(https://emergency.cdc.gov/agent/agentlist-

category.asp). They are transmitted by sanguivorous 

mosquitoes within bird (WEEV, EEEV, and epizootic 

VEEV (epizootic strains)) or rodent populations (VEEV, 

enzootic strains), respectively. Infections in reservoir 

hosts do not lead to obvious clinical signs. However, 

severe diseases can occur when equines and humans are 

infected with epizootic subtypes by biting mosquitoes. In 

the last decade 662 equine cases with 302 fatalities of 

VEE were reported to the OIE and 75,000–100,000 

human cases with more than 300 fatalities were counted 

in the most recent outbreak in Venezuela and Colombia 

in 1995 [1]. For some epizootic VEEV strains a 

productive replication followed by successful intra- and 

interspecies transmission cycles was observed in horses 

and humans [2–6]. 

In the time period 2007 to 2012 a total of 1926 EEEV 

and 3 WEEV associated equine cases were diagnosed in 

the United States (http://www.oie.int/). In the time period 

1964 to 2009 the CDC registered 639 human WEEV and 

260 EEEV cases with only few fatalities. It was shown 

recently in an experimental animal model that all three 

viruses are transmissible by aerosols [7–9]. 

In general, PCR-diagnostic for emerging viruses address 

different questions: for the monitoring during an 

epidemic   

http://dx.doi.org/10.1155/2016/8543204
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TABLE 1: Primers and probes selected for equine encephalitis virus-specific quantitative reverse transcription polymerase chain reaction. 

Target Primer or probe Sequence (5‘→ 3‘) Genome position Reference 

Eastern equine 
encephalomyelitis virus 
(EEEV) 

EEE9391 

EEE9459c 

EEE.9414probe 

ACACCGCACCCTGATTTTACA 

CTTCCAAGTGACCTGGTCGTC 
FAM-TGCACCCGGACCATCCGACCT-

TAMRA 

9391–9411 (s) 

9459–9439 (as) 

9414–9434 (s) 

[10] 

Western equine 

encephalomyelitis virus 
(WEEV) 

WEE10,248 

WEE 10,314c 

WEE 10,271probe 

CTGAAAGTCGGCCTGCGTAT 

CGCCATTGACGAACGTATCC 
FAM-ATACGGCAATACCACCGCGCACC-

TAMRA 

10,248–10,267 (s) 

10,314–10,295 (as) 

10,271–10,293 (s) 

[10] 

Venezuelan equine 

encephalomyelitis virus 

(VEEV) and synthetic 
calibrator 

AlphaVIR966F 

AlphaVIR966R 

INEID-VEEV probe 

TCCATGCTAATGCYAGAGCGTTTTCGCA 

TGGCGCACTTCCAATGTCHAGGAT 
FAM- 

TGATCGARACGGAGGTRGAMCCATCC-

TAMRA 

151–178 (s) 

248–225 (as) 

193–218 (s) 

Modified [14] 

This study 

 VEEV-Coprobe VIC-CTCCGTTCAATAC-MGB-NFQ∗ 180–192 (s) This study 

The synthetic calibrator RNA is specifically detected by the VEEV-Coprobe in combination with the AlphaVIR966F and AlphaVIR966R primers. Y, H, R, 

and M are designed for degenerative bases, where Y = C/T, H = A/C/T, R = A/G, and M = A/C. Modifications compared to the original sequence as well 

as novel sequences were indicated in italic font. ∗MGB: minor groove binder; NFQ: Nonfluorescent quencher. 

or for the confirmation of infections from a known 

source, a PCR specific for some virus variant may be 

sufficient. In contrast to prevent the introduction of the 

virus into a corresponding region or country, it is 

necessary the use of an assay with an experimentally 

proven capability to detect every known virus variant. 

According to this several conventional RT-PCRs were 

developed to qualitatively detect VEEV, EEEV, and 

WEEV genome sequences and real-time reverse 

transcriptase PCRs (RT-qPCR) for EEEV and WEEV 

were published [10–13]. However, no RT-qPCR assay 

was available at the date of our study for the specific 

detection of different VEEV subtypes. A VEEV 

diagnosis is presently confirmed mostly by conventional 

RT-PCR using broad-range primer pairs covering the 

whole genus Alphavirus followed by subsequent 

amplicon sequencing [14]. Recent publications 

experimentally demonstrated RT-qPCR assays for 

detection of the VEEV vaccine strain TC-83 but without 

proven experimental demonstration of the assay’s 

sensitivity and efficiency regarding other VEEV 

subtypes [15, 16]. In this study we are introducing a 

general purpose, rapid, one-step quantitative RT-qPCR 

assay for the sensitive and specific detection of all VEEV 

subtypes in combination with an internal calibrator 

construct which in turn can be used in the quantification 

of the three equine encephalitis viruses. 

2. Materials and Methods 

2.1. Primer Design. Multiple sequence alignments of 

VEEV sequences were performed using Vector NTI 

Advanced v.10 (Invitrogen, Carlsbad, CA, USA) and 

MEGA Software [17] to reveal primers, as well as a 

probe. For this purpose, a total of 33 VEEV sequences 

were retrieved from the GenBank database. Published 

broad-range primers, which target the nsP1 region of 

Alphaviruses and previously used within a conventional 

RT-PCR protocol [14], were modified by the insertion of 

a degenerated base in each of the forward and the reverse 

primer and complemented with a FAM- (6-

carboxyfluorescein-) labelled probe, which specifically 

targets VEEV sequences (Table 1) and enables the 

application of a quantitative real-time RT-PCR protocol. 

2.2. Quantitative Real-Time RT-PCR (RT-qPCR). RT-

qPCR was carried out by using a commercial kit 

(QuantiTect RTPCR kit, Qiagen, Germany). After the 

reverse transcription (50∘C for 30 minutes) the DNA was 

denatured (95∘C for 15 min). Amplification cycles 

included denaturation (95∘C for 15 sec), annealing (55∘C 

for 30 sec), and elongation (72∘C for 30 sec) steps. Ct 

values were determined by the CFX96 software (Bio-

Rad, USA). 

2.3. Synthetic Calibrator. To determine the copy number 

of viral genomes a synthetic calibrator was developed, 

which comprises a T7 RNA polymerase promoter and 

the target sequences for the RT-qPCRs of EEEV, 

WEEV, and VEEV (Figure 1(a)) cloned into the pCR2.1 

vector (Eurofins MWG Operon, Germany). The EEEV 

and WEEV sequences include targets for primer and 

probes adopted unmodified from the literature [10] 

(Table 1), but the corresponding probe target sequences 

were placed on the complementary strand in order to 

generate a unique (different) amplicon sequence, 

discriminable from the original virus sequence yet 

maintaining the same nucleotide composition. In 

addition, within the VEEV target region the original 

virus sequence 5’-CTGGCTTCAAAAC-3’ was changed 

to 5’-CTCCGTTCAATAC-3’ in order to discriminate 

unambiguously the synthetic RNA from viral RNA and 

to exclude false positive signals in samples potentially 

contaminated with synthetic RNA. This specific 

synthetic RNA sequence section can be detected only by  
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      1                                                                                                                     118 
      |                                                                                                                      | 
VEEV  TAATACGACTCACTATAGGGTCCATGCTAATGCCAGAGCGTTTTCGCAT CTCCGTTCAATAC GGATGGGTCCACCTCCGTTTCGATCAGACACGATCCTTGGACATTGGAAGTGCGCCA 
      ATTATGCTGAGTGATATCCCAGGTACGATTACGGTCTCGCAAAAGCGTA GAGGCAAGTTATGCCTACCCAGGTGGAGGCAAAGCTAGTCTGTGCTAGGAACCTGTAACCTTCACGCGGT 

     119                                                                 188 
      |                                                                   | 
EEEV  ACACCGCACCCTGATTTTACACCAGGTCGGATGGTCCGGGTGCATGCTGACGACCAGATCACTTGGAAG 
      TGTGGCGTGGGACTAAAATGTGGTCCAGCCTACCAGGCCCACGTACGACTGCTGGTCTAGTGAACCTTC 

     189                                                               255 
      |                                                                 | 
WEEV  CTGAAAGTCGGCCTGCGTATAGTGGTGCGCGGTGGTATTGCCGTATTGGATACGTTTGTCAATGGCG 
      GACTTTCAGCCGGACGCATATCACCACGCGCCACCATAACGGCATAACCTATGCAAACAGTTACCGC 

(a) 

 

Cycles 

Calibrator (VEEV primer/probe): 
R2 =1,000; slope =−3,226; E=104,2% 
Calibrator (Co probe): 
R 2 =0,999; slope =−3,213; E=104,7% 

(b) 

Cycles 

Calibrator (EEEV primer/probe): 
R 2 =0,995; slope =−3,150; E =107,8% 

(c) 
Amplification 

 

Calibrator (WEEV primer/probe): 

R 2 =1,000; slope =−3,244; E =103,2% 

(d) 

Figure 1: The nucleotide sequence of the synthetic construct used for calibration of the EEV-specific RT-qPCRs (a). The target sequences 

(underlined) for the specific RT-qPCRs are cloned into the vector pCR2.1-TOPO. Within the VEEV target region a modified sequence 

(framed) allows the differentiation of the synthetic calibrator from viral sequences. Nucleotide exchanges are indicated in red. 

Amplification curves of the RT-qPCRs specific for VEEV (b), EEEV (c), and WEEV (d) using the synthetic calibrator template. 

Amplification curve of the synthetic calibrator targeted with the control probe is indicated in olive, respectively. Standard curves (see 

enclosed boxed figures) were obtained by Ct values plotted against the log of the starting quantity. Calculated correlation coefficients (𝑅2), 

slopes, and amplification efficiencies (𝐸) are depicted below the corresponding figures. 
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Table 2: Sensitivity of RT-qPCR assays for VEEV, WEEV, and EEEV strains and determination of copy number. 

RNA Dilution Ct Copies/µl 

VEEV 

10-2 27,94 70200 

10-3 30,69 8840 

10-4 33,75 894 

10-5 35,51 240 

10-6 37,24 66 

10-7 no Ct 0 

WEEV 

10-2 21,76 2880000 

10-3 25,13 216000 

10-4 28,64 13780 

10-5 31,1 2060 

10-6 32,38 736 

10-7 no Ct 0 

EEEV 

10-3 29,67 12760 

10-4 32,55 1212 

10-5 34,22 316 

10-6 no Ct 0 

10-7 no Ct 0 

 
a control probe (Table1, VEEV-Coprobe). The plasmidwas 

linearized with XbaI and subsequently transcribed into RNA 

and the DNA degraded using the Riboprobe® Combination 

System, T3/T7 RNA Polymerase (Promega Corporation’s, 

Madison, WI, USA), and the QIAamp Viral RNA Mini Kit 

(Qiagen) was used for RNA isolation (without carrier RNA). 

The RNA concentration was estimated with the QuantItTM 
RNA Assay Kit, Broad-Range (Invitrogen). The copy 

number of the synthetic RNA was calculated from the RNA 

concentration and the molecular mass of the RNA transcript. 

3. Results and Discussion 

In the here presented study, we are introducing a rapid, 

sensitive, and reliable one-step quantitative RT-PCR assay 

for VEEV as well as a synthetic RNA construct which can 

be used as calibrator for the quantification of alpha virus 

associated equine encephalitis viruses. PCR was carried out 

on serial dilutions of the synthetic RNA in a one-step RT-

qPCR and Ct values were eventually plotted proportionally 

to the logarithm of the input copy numbers to produce 

standard quantitation curves. Negative controls were 

included in each run. The synthetic RNA was concurrently 

amplified using primer and probes for VEEV, WEEV, and 

EEEV, respectively (Figures 1(b)–1(d)). In addition the 

synthetic calibrator was amplified with primer for VEEV 

and detected by the VEEV-Coprobe. Both assays run 

independently in a single-plex format. All four standard 

curves exhibit a correlation coefficient >99% and an 

amplification efficiency of about 103–107% over a linear 

range of 102 to 1010 copies. Based on the corresponding 

standard curves the sensitivity and viral load for different 

EEV strains in concurrent runs could be determined: the 

limit of detection (LOD) corresponded to 66,2 copies per 𝜇L 

(Ct = 37,24) for VEEV (TC-83 strain), at 736 copies (Ct = 

32,38) for WEEV (McMillan strain), and at 316 copies per 

𝜇L (Ct = 34,21) for EEEV (New Jersey strain) (Table 2). 

Since standard curves form part of every run, the copy 

number from each analysed sample can be determined. 

Therefore samples with copy numbers above 1 copy per 𝜇L 

(the theoretical detection limit) are considered to be positive. 

VEEV specific primer/probe combination did not detect 

other equine encephalomyelitis viruses (EEEV, WEEV) 

(Figure 2) or closely related species (Chikungunya virus, 

Sindbis virus, and Ross River virus; data not shown). 

To further assess the performance of the VEEV specific RT-

qPCR we used 15 synthetic RNA constructs (sVEEV) 

encompassing the target region and representing 10 different 

VEEV subtypes (Figure 3(a)). This included all 

combinations of observed mutations in the primers and 

probe target regions. sVEEV were designed as 

oligonucleotides with a 5’ T7 RNA polymerase promoter 

sequence and were transcribed in vitro as aforementioned. 

All VEEV subtypes were successfully detected by the novel 

RT-qPCR assay with a suitable sensitivity and high 

performance as demonstrated by linear standard curves over 

5 logs (Figure 3(b)). 𝑅2 values and slope indicate good 

precision and high efficiency (Table 3). To evaluate the 

effect of nucleotide changes to the PCR amplification 

efficiency we applied the relative threshold cycle (RTC) 

method, which refers to mean Ct-differences (mean ΔCt) of 

the corresponding sVEEV template compared to the 

unmodified template [18]. The data indicate that most 

nucleotide changes exhibited only small or moderate 

reduction of the RTC efficiency. Only sVEEV-14, 

representing one variant of  
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TABLE 3: Relative threshold cycle (RTC) amplification efficiencies of synthetic VEEV (sVEEV) RNA constructs. 

Template 
sVEEV 

-1 

sVEEV 

-2 

sVEEV 

-3 

sVEEV  

-4 

sVEEV 

-5 

sVEEV 

-6 

sVEEV 

-7 

sVEEV 

-8 

sVEEV 

-9 

sVEEV 

-10 

sVEEV  

-11 

sVEEV 

-12 

sVEEV 

-13 

sVEEV 

-14 

sVEEV 

-15 

Dilution Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct 

10-4 17,3 20,6 19,4 19,6 17,4 21,1 18,6 17,8 18,3 18,5 20,9 19,6 20,2 24,6 21,5 

10-5 21,4 24,4 23,4 23,7 21,3 25,0 22,3 21,3 21,7 22,2 24,5 23,1 24,1 28,2 25,0 

10-6 25,2 28,3 27,1 27,3 25,2 28,7 26,5 25,3 25,4 25,8 28,0 27,1 27,8 31,7 28,6 

10-7 28,9 31,8 30,8 31,2 29,0 32,4 30,2 28,9 28,7 29,3 31,6 30,9 31,9 35,5 32,4 

10-8 31,8 34,6 34,2 34,7 32,7 36,1 33,7 32,2 32,2 32,8 35,3 34,9 35,6 39,1 36,1 

Slope | R² 
-2,99| 
0,9969 

-2,91| 
0,9959 

-3,05| 
0,9992 

-3,1| 
0,9995 

-3,16| 
0,9998 

-3,08| 
0,9998 

-3,16| 
0,9992 

-2,98| 
0,9993 

-2,85| 
0,9999 

-2,92| 
0,9999 

-2,95| 
1 

-3,17| 
0,9997 

-3,18| 
0,9999 

-2,99| 
0,9999 

-3,00| 
0,9998 

Mean   

ΔCt 
0,0 -3,0 -2,1 -2,4 -0,2 -3,7 -1,4 -0,2 -0,3 -0,8 -3,2 -2,2 -3,0 -6,9 -3,8 

Mean 

RTC 
1,0 0,12 0,24 0,19 0,87 0,08 0,39 0,89 0,80 0,57 0,11 0,22 0,12 0,01 0,07 

ΔCt is calculated as mean difference of corresponding Ct values compared to unmodified reference template sVEEV-1 across all template dilutions. RTC 

is calculated according RTC = 2ΔCt
. 

   

  

 

 

 

 

 

 

 

 

 

 

           VEEV         WEEV    

        EEEV          Blank  

FIGURE 2: Specificity of the VEEV specific primer-probe combination. Specific amplification of VEEV derived RNA (red) by RT-

qPCR. No amplification of EEEV (blue) and WEEV (green) derived RNA. Insert shows the boxed region at higher magnification. 

 

subtype VI, showed a stronger decline in RTC efficiency 

which is probably caused by 13 nucleotide exchanges 

compared to the reference template. In summary this assay 

can be used whenever a sensitive and high-throughput 

detection or quantification of VEEV RNA is needed, for 

example, for confirmation of virus presence in patients, 

during infection experiments or large screening of field 

probes. But it is particularly useful when a proven application 

for the detection of all known VEEV variants is required, for 

example, to prevent  

the introduction of any virus variant into a so far virus free 

region or country. 

4. Conclusions 

We report here the first experimental evidence of a 

quantitative real-time RT-PCR assay for the sensitive and 

specific detection of all known VEEV subtypes or sequence 

variants. The synthetic calibrator RNA allows the 

determination of  

  

Sample Ct 

VEEV 

36,26 

35,48 

30,85 

EEEV 

N/A 

N/A 

N/A 

WEEV 

N/A 

N/A 

N/A 

N/A 

Blank 

N/A 

N/A 

N/A 
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Template Subtype Acc.  nr 1        10        20        30        40        50        60        70        80        90 
                          |        |         |         |         |         |         |         |         |         |   
TC-83      IA/B  L01443   CCATGCTAATGCCAGAGCGTTTTCGCATCTGGCTTCAAAACTGATCGAAACGGAGGTGGACCCATCCGACACGATCCTTGACATTGGAAGTGCGCCC 
sVEEV-1    IC    KF985959 ................................................................................................. 
sVEEV-2    IC    KC344484 ..........................................................................................C...... 
sVEEV-3    ID    L00930   .........C...........C........................................................................... 
sVEEV-4    ID    KC344507 .........C..............................T..................................T..................... 
sVEEV-5    IE    KC344432 ..................A.........T....A..G...T...................A........T........A.................T 
sVEEV-6    IE    KC344527 .........C..................T....A..G...T.......G...........A........T........A.................T 
sVEEV-7    IE    KC344439 .........C..................T....A......T.......G...........A........T......T.A.................T 
sVEEV-8    IF    AF075257 ............T.....C...........A.....T..GT................A...........T........A.....A..C.....A..T 
sVEEV-9    II    AF075251 .......................................GT.................................................C...... 
sVEEV-10   IIIA  AF075253 ............T.................A.....C....................A..A.................A.................. 
sVEEV-11   IIIB  AF075254 ............T.................A.....C...........G...........A........T........A.................. 
sVEEV-12   IIIC  AF075255 .........C..T.................A..A..T...........G...........A........T......T.A.................. 
sVEEV-13   IV    AF075256 .........C.......................A.....GT.......G........A..T........G...........T............... 
sVEEV-14   VI    AF075258 ............T.................A.....C...T.A..............T...........T.....TT.A.....A..C........T 
sVEEV-15   VI    AF075259 .................................C..C...T.......G........A..A........T........A.....A..C.....A... 

(a) 

 

sVEEV-1     sVEEV-9  

sVEEV-2     sVEEV-10 

sVEEV-3     sVEEV-11 

sVEEV-4     sVEEV-12 

sVEEV-5     sVEEV-13 

sVEEV-6     sVEEV-14 

sVEEV-7     sVEEV-15 

sVEEV-8  

(b) 

FIGURE 3: Comparison of the consensus sequences of different VEEV subtypes. (a) Sequences of synthetic RNA constructs (sVEEV) 

encompass the target region of the VEEV specific RT-qPCR. Nucleotides with mismatch to the reference sequence are indicated. (b) 

Standard curves of serial diluted sVEEV were obtained by Ct values plotted against the log of diluted template.  

 

viral genome equivalents of VEEV as well as WEEV and 

EEEV by a one-step RT-qPCR reaction. 
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Ngari Virus in 

Goats during Rift 

Valley Fever 

Outbreak, 

Mauritania, 2010 

To the Editor: Ngari virus  
(NRIV) is a single-stranded RNA virus 

belonging to the family Bunyaviridae, 

genus Orthobunyavirus. The genome 

comprises 3 segments, the small (S), 

medium (M), and large (L) segments, 

which encode the nucleocapsid (N) 

protein, the 2 glycoproteins Gn and Gc, 

and the RNA-dependent RNA-

polymerase, respectively. Sequence 

analysis showed that NRIV is a 

reassortant between Bunyamwera virus 

(BUNV) and Batai virus (BATV), both 

from the genus Orthobunyavirus. S and 

L segments derived from BUNV, and 

the M segment derived from BATV 

(1,2). NRIV is more virulent than 

BUNV and BATV and is associated 

with hemorrhagic fever. NRIV was first 

isolated from Aedes simpsoni 

mosquitoes in 1979 and from humans in 

1993, both in Senegal (3). During 1997 

and 1998, humans were affected with 

hemorrhagic fever diseases in Kenya 

and Somalia that were caused by Rift 

Valley fever virus (RVFV) and by 

NRIV (2,4). 
In 2010, during an ongoing RVFV 

outbreak in Mauritania, we collected  

163 serum samples (62 from camels, 8 

from cattle, and 93 from small 

ruminants) (5). RVFV RNA was 

isolated from serum samples as 

described previously (5). Further 

molecular testing of the samples was 

conducted by a SYBRGreen–based 

real-time reverse transcription PCR 

(RT-PCR) adapted from a conventional 

RT-PCR and based on generic primers 

(bun_group_forw 5′-CTGCTAACAC-

CAGCAGTACTTTTGAC-3′ and 

bun_group_rev 5′-TGGAGGGTAAG-

ACCATCGTCAGGAACTG-3′) that 

target a 250-nt sequence of the S 

segment of Bunyamwera serogroup 

members (6). Real-time RT-PCR was 

performed in a CFX 96 real-time PCR 

system (Bio-Rad, Hercules, CA, USA) 

by using 5 μL RNA with a QuantiTect 

SYBR Green RT-PCR Kit (QIAGEN, 

Hilden Germany) in a final volume of 

25 μL. Cycling conditions included RT 

at 50°C for 30 min and 95°C for 15 min, 

followed by amplification with 44 

cycles of 95°C for 15 s, 55°C for 25 s, 

72°C for 30 s, and 77°C for 5 s. A 

melting curve analysis was then 

performed starting with 95°C for 60 s, 

and a temperature gradient was 

conducted from 68°C to 94°C in 

increments of 0.2°C. 

Of the 163 serum samples tested, 2 

samples from goats resulted in a 

positive signal with cycle thresholds of 

23 (sample 51) and 28 (sample 65), 

respectively. Both samples showed 

similar melting peaks at ≈78.2°C and 

shared the identical partial nucleotide 

sequence of the S segment. The 

sequence belongs to the Bunyamwera 

serogroup, but the short partial 

sequence was not sufficient for accurate 

virus determination and identification. 

For this reason, both serum samples 

were used to inoculate cell monolayers 

of Vero E6 cells that were assayed for 

virus replication. Only sample 51 

displayed a cytopathic effect after 72 h 

and was further analyzed. We isolated 

the viral RNA from cell culture with 

TRIzol reagent  
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(Invitrogen, Carlsbad, CA, USA) and 

used it to prepare a sequencing library 

according to a recently published 

protocol (7) but using Illumina 

adaptors (Illumina, San Diego, CA, 

USA). We sequenced the resulting 

library using the Illumina MiSeq 

instrument with v2 chemistry. 

We recovered full-length genome 

sequences of the S, M, and L segments 

of the virus and deposited them in 

GenBank (accession nos. KJ716848–

716850). Phylogenetic analysis of 

complete genome sequences indicated 

that the virus belongs to the Ngari virus 

group and showed high homology to 

previous NRIV isolates in all 3 

segments (Figure). As for all previous 

NRIV strains, the new isolate was 

highly similar to BUNV regarding the 

S and the L segment (Figure, panels A, 

C); the M segment was highly similar 

to BATV (Figure, panel B). 

This evidence supports the 

extension of the range of NRIV 

infection to goats (complete sequences 

already had been derived from a human 

and from mosquitoes [8]) and 

demonstrates the occurrence of NRIV 

during the 2010 RVFV outbreak in 

Mauritania. We are aware of only 1 

additional report of NRIV-infected 

sheep (in 1988), also in Mauritania, 

although no further characterization or 

isolation has been conducted (9). Both 

NRIV-positive samples were negative 

for RVFV RNA but positive for 

RVFV-specific IgG. In addition, 

sample 51 contained IgM against 

RVFV (5), indicating possible co-

infection of RVFV and NRIV. Because 

both ELISAs rely on detection of 

antibodies against RVFV N protein, 

which is highly divergent to the 

deduced NRIV N sequence, cross-

reactivity is highly unlikely but needs 

to be substantiated. Both samples 

originated from the Adrar region, 

which was the center of an unusual 

RVFV outbreak in Mauritania in 2010 

(10). 
The possible clinical importance 

to livestock and the circulation of 

NRIV among mosquitoes, livestock,  

LETTERS 

and humans needs to be clarified. 

No further information about 

clinical signs of sampled animals 

or reports of human NRIV cases is 

available. Because infection with 

both RVFV and NRIV induces 

hemorrhagic fe- 

ver, affected humans also should 

be tested for NRIV infection. 

Further de-velopment of specific 

molecular and serologic diagnostic 

tools for NRIV should be pursued 

to obtain more in-formation about 

NRIV distribution in  

 
Figure. Phylogenetic tree of Ngari virus–derived A) small (975 bp), B) medium (4,507 bp), 

and C) large (6,887) segment sequences of Bunyamwera and Batai viruses compared with 

isolate obtained from a goat in Mauritania in 2010 (arrows). The tree was constructed on 

the basis of the nucleotide sequences of the 3 complete segments by using the 

neighborjoining method (1,000 bootstrap replications). The tree was rooted to the sequence 

of Rift Valley fever virus strain ZH-548. Scale bars indicate substitutions per nucleotide 

position. 
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Abstract: An increasing number of indigenous cases of hepatitis E caused by genotype  3 viruses 

(HEV-3) have been diagnosed all around the word, particularly in industrialized countries. 

Hepatitis E is a zoonotic disease and accumulating evidence indicates that  domestic pigs and wild 

boars are the main reservoirs of HEV-3. A detailed analysis of  HEV-3 subtypes could help to 

determine the interplay of human activity, the role of animals as reservoirs and cross species 

transmission. Although complete genome sequences are most appropriate for HEV subtype 

determination, in most cases only partial genomic sequences are available. We therefore carried 

out a subtype classification analysis, which uses regions from all three open reading frames of the 

genome. Using this approach, more than 1000 published HEV-3 isolates were subtyped. Newly 

recovered HEV partial sequences from hunted German wild boars were also included in this study. 

These sequences were assigned to genotype 3 and clustered within subtype 3a, 3i and, 

unexpectedly, one of them within the subtype 3b, a first non-human report of this subtype in 

Europe.  

    

Keywords: hepatitis E virus; HEV; genotype; subtype; phylogenetic analysis  
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1. Introduction  

The Hepatitis E virus (HEV) is a causative agent of acute hepatitis in developing countries in Asia, 

Africa and Latin America where it is transmitted primarily via contaminated drinking water. Sporadic 

cases of HEV are reported in developed countries, partially imported by travelers from endemic areas, 

but there are also an increasing number of reports of autochthonous HIV infections. The transmission 

route of most of the autochthonous infections in industrialized countries still remains unclear. Reports 

of transfusion and transplant related infections exist [1–3], but accumulating evidence suggests that 

hepatitis E is a zoonotic disease with domestic pigs and wild boars being the main reservoirs. Moreover, 

the consumption of undercooked meat products poses a risk for HEV infection [4–7].  

Studies on HEV RNA detection in animals revealed, that HEV is ubiquitous in domestic pigs and 

wild boars throughout Europe [8]. This includes the United Kingdom [9], France [10], Germany [11–

15], Hungary [16], Italy [17,18], The Netherlands [19,20], Belgium [21], Spain [22], Slovenia [23], 

Czech Republic [24] and Sweden [25]. HEV infection in farmed pigs affects up to 80%–100% of the 

animals worldwide and usually occurs at the age of 2–4 months [26].  

The virion is approximately 27–34 nm in diameter and most likely icosahedral. HEV has a positive 

sense single-stranded RNA genome of approximately 7.2 kb, which contains a short 5' untranslated 

region (UTR), a short 3' UTR and three open reading frames (ORF1, ORF2 and ORF3) [27]. The ORF1 

encodes for viral non-structural proteins carrying domains with methyl transferase, helicase and replicase 

activities [28]. The ORF2 codes for the viral capsid protein of about 660 amino acids. The ORF3 is 

almost completely overlapped by the ORF2 and codes for a small phosphoprotein of about 114 amino 

acids, which is putatively responsible for the virion egress from infected cells [29].  

A new proposed consensus for the HEV classification [30] divides the Hepeviridae family in two 

genera: Orthohepevirus and Piscihepevirus. The latter includes only isolates from cutthroat trout so far. 

The genus Orthohepevirus is further subdivided into four species: Orthohepevirus A with isolates from 

human, pig, wild boar, deer, mongoose, rabbit and camel, and Orthohepevirus B, C and D with avian 

and other mammal isolates. Orthohepevirus A is subsequently divided into at least six genotypes  (HEV-

1, HEV-2, etc.). HEV-1 and 2 include exclusively human HEV strains, whereas HEV-3 and 4 can also 

infect other animal species, particularly domestic pigs and wild boar. The separation in anthropotropic 

(HEV-1 and -2) and enzoonotic (HEV-3 and -4) forms may have occurred more than  500 year ago [31].  

HEV-1 is found in Asia and Africa [32], whereas HEV-2 was first isolated in Mexico [33] and later 

in Africa [34]. HEV-4 includes strains from sporadic human HEV cases in Asia [35]. HEV-3 was isolated 

initially from human cases in the USA [36] and has been detected in all continents including Europe 

[37].  
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Since 2001, 2703 human HEV cases [38] have been reported in Germany, which include an 

increasing number of non-travel associated autochthonous cases. The origin of infection remains 

unclear for most of the autochthonous cases, however, often the suspected HEV sources are domestic 

pigs and wild boars [39]. Similar increases are also reported in other European countries [40].  

The role of different HEV-3 genetic variants in the evolution of the disease [1,7,39,41,42], the 

possibility of tracking the routes of infection and the influences of human activity on it [43–46] are 

currently under study. The direct comparison of isolates is still hampered by the limited number of 

complete genome (CG) sequences available. Due to this limitation, the subtyping scheme proposed by 

Lu et al. [32] has been commonly used and have been supported by epidemiological and/or statistical  

analysis [4,43,45,47,48] but questions have arisen, partially due to the lack of commonly accepted 

reference sequences for some subtypes [1]. In response to this, and to the increasing number of partial 

sequences, the subtyping of genotype 3 strains was actualized in order to provide an update of the 

subtyping scheme of HEV-3 and of the set of reference sequences. We carried out the classification of 

newly recovered HEV isolates from German wild boar and detected HEV subtype 3b strains for the first 

time in animals in Europe and, possibly, the first from a wild animal outside Japan.  

2. Materials and Methods  

2.1. Samples and RNA Extraction  

Blood samples were collected from wild boar hunted in Mecklenburg-Western Pomerania during the 

seasons 1996/1997 (955 samples) and 2005/2006 (58 samples). Liver samples were collected in 

2009/2010 from 134 animals hunted in the region of Greifswald and from another five from Western 

Pomerania. All samples were stored at −80 °C prior to their use. RNA was extracted with the RNeasy 

Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. A synthetic RNA (IC) 

was used as internal extraction control [49].  

2.2. Primers and Probe Design  

For primer and probe design, an alignment of 351 HEV sequences was constructed using the Vector 

NTI Advanced v.10 (Invitrogen, Carlsbad, CA, USA), BioEdit v.7.0.5.3 [50] and MEGA v6 [51] 

software. This alignment was manually curated using both the nucleotide and the deduced amino acid 

sequences. Very similar sequences were not included (more than 99% identity). HEV-1, -2, -3 and -4 

genotypes were included (with preference to genotype 3), covering all subtypes, and including 131 CG 

(48 of them cited by Lu et al. [32]) and 65 German HEV sequences (the accession numbers are included 

in Supplementary Table S01). For genotyping and subtyping, four sets of nested degenerated primers 

were selected from this alignment, which target different regions of the genome. Previously published 

primers [14] were used to amplify an RNA-dependent RNA polymerase (RdRp) region. A novel 

diagnostic quantitative real-time RT-PCR assay (qRT-PCR) that targets ORF3 was also designed, which 

we already used in a recently published work [52]. Primer and probes used are listed in Table 1 

(nucleotide positions refer to FJ705359, strain wbGER27, a German wild boar isolate [14]) and were 

included in the GenBank sequences entries.  
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2.3. PCR  

The diagnostic/screening RT-qPCR was performed using the QuantiTec Probe RT-PCR kit (QIAGEN) 

in 25 µL reaction volume. In all reactions, the final concentration of each primer was 0.8 µM, and of the 

probe 0.1 µM if present. A volume of 5 µL of the RNA eluate was added. The reverse transcription (RT) 

was carried out at 50 °C for 30 min, followed by denaturation/activation at 95 °C for 15 min. DNA was 

amplified immediately with 45 cycles at 95 °C (10 s), 55 °C (25 s) and 72 °C (25 s).  

Table 1. Primer and probes used in this study. All nucleotide positions refer to FJ705359 (strain 

wbGER27, a German wild boar isolate). Abbreviations: open reading frame (ORF), hyper 

variable region (HVR), RNA dependent RNA polymerase (RdRp).  

Region Name and   
Internal Length (nt)  Primer Name  Position  Sequence  Step  

Product 

Length (bp)  

ORF1 -5´   
This study  

HEV.ORF1_F1 

HEV.ORF1_R1  
33–58   
497–525  

CCCAYCAGTTYATWAAGGCTCCTGGC 

TGCARDGARTANARRGCNAYNCCNGTCTC  RT-PCR  493  

HEV.ORF1_F2  98–126  AAYTCYGCCYTGGCGAATGCTGTGGTGGT  nested PCR  302  

 HEV.ORF1_R2  377–399  CCVCGRGTNGGRGCRGWRTACCA    

HVR   
(for genotype 3)   

This study  

HEV.HVR_F1 

HEV.HVR_R1  
2069–2091  
2441–2469  

TTYTCYCCTGGGCAYMTYTGGGA 

TTAACCARCCARTCACARTCYGAYTCAAA  RT-PCR  401  

HEV.HVR_F2a  
HEV.HVR_F2b  

2135–2157 

2165–2184  
ACYTGGTCHACATCTGGYTTYTC  
TTYTCCCCYCCTGAGGCGGC  nested PCR  263 or 293  

 HEV.HVR_R2  2405–2427  TACACCTTRGCSCCRTCRGGRTA    

RdRp   
280 (4312–4591)   

(Johne et al. 2010)  

HEV-cs  

HEV-cas  
4181–4203 

4628–4650  
TCGCGCATCACMTTYTTCCARAA  
GCCATGTTCCAGACDGTRTTCCA  RT-PCR  469  

HEV-csn  4287–4311  GTGCTCTGTTTGGCCCNTGGTTYMG  nested PCR  330  

 HEV-casn  4592–4617  CCAGGCTCACCRGARTGYTTCTTCCA    

ORF3   
225 (5205–5429)   

This study  

HEV.ORF3_F1  
HEV.ORF3_R2  
HEV.ORF3_R1  

5126–5145  
5430–5451  
5467–5487  

MGGKTRGAATGAATAACATG  
GGCGCTGGGAYTGGTCRCGCCA  
CAGYTGGGGYAGRTCGACGRC  

RT-PCR  326 or 362  

HEV.ORF3_F2  5182–5204  GGGCTGTTCTGTTKYTGYTCYTC    

 HEV.ORF3_R2  5430–5451  GGCGCTGGGAYTGGTCRCGCCA  nested PCR  219 or 269  

 HEV.ORF3_R2a  5382–5401  CGAGGGCGAGCTCCAGCCCC    
modified Diagnostic-qPCR   

-   
This study and   

(Schlosser et al. 2014)  

HEV.Fa  
HEV.Fb  
HEV.R  
HEV.P  

5278–5294  
5278–5296  
5340–5359  
5300–5320  

GTGCCGGCGGTGGTTTC  
GTGCCGGCGGTGGTTTCTG  
GCGAAGGGGTTGGTTGGATG  
FAM-TGACMGGGTTGATTCTCAGCC-BHQ1  

RT-qPCR  81  

ORF2   
187 (6277–6488)   

This study  

HEV.ORF2_F1  
HEV.ORF2_R1a  
HEV.ORF2_R1b  

6205–6223  
6573–6598  
6573–6598  

CDGCNACYCGBTTYATGAA  
GTKAGRGARAGCCAWAGYACATCATT  
GTRAGNGADAGCCACARRACATCATT  

RT-PCR  393  

HEV.ORF2_F2  6276–6301  GCBYTHACNYTRTTYAAYCTTGCTGA  nested PCR  241  

 HEV.ORF2_R2  6489–6517  TGYTCRTGYTGRTTRTCRTARTCYTGDAT    

The determination of the HEV RNA concentration was carried out using a standard curve according to 

a synthetic external calibrator. This calibrator encompassed the 81 bp sequence of the diagnostic  qRT-

PCR amplicon and included the T7 promoter sequence at the 5'-end for in vitro transcription. The RNA 

synthesis and DNA degradation were carried out by the Riboprobe® Combination System— T3/T7 RNA 

Polymerase (Promega Corporation’s, Madison, WI, USA); and the QIAamp Viral RNA Mini Kit 

(QIAGEN) kit was used for RNA isolation (without carrier RNA). The RNA concentration was 
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estimated with the Quant-It™ RNA Assay Kit, Broad Range (Invitrogen) and confirmed by endpoint 

dilution PCR.  

For genotyping, the initial RT-qPCR was performed with the QuantiTec SYBR Green RT-PCR kit 

(QIAGEN) in 25 µL reaction volume using 5 µL of the sample RNA. The thermal profile applied was:  

30 min at 50 °C for RT, 15 min 95 °C denaturation/activation followed by 45 cycles of  95 °C for 10 s, 

55 °C for 25 s, 72 °C for 25 s and 80 °C for 5 s (with fluorescence reading). A final dissociation curve 

generation step was also included. Two microliters of the resulting solution was added to 23 µL of the 

Maxima™ SYBR Green/ROX qPCR Master Mix kit (Fermentas, Canada) containing the primers and 

the PCR was carried out under similar conditions (45 cycles of: 95 °C for 10 s, 55 °C for 25 s, 72 °C for 

25 s and 80 °C for 5 s with a final dissociation curve generation step).  

2.4. Sequencing, Phylogenetic Analysis and Classification  

RT-PCR or nested-PCR products were directly sequenced with the corresponding forward and reverse 

PCR primers using the BigDye Terminator v1.1 Cycle Sequencing Kit on the DNA sequencer  “3130 

Genetic Analyzer” (Applied Biosystems, Waltham, MA, USA).  

The newly generated sequences were manually inserted in the multi-alignment previously used for 

primer design. This multi-alignment was updated with new HEV sequences (NCBI, 2014-12-15), up to 

more than 1400 sequences (Supplementary Table S01), mainly genotype 3 (near 1300 sequences). This 

included all HEV-3 sequences longer 1000 nt, all HEV NCBI nucleotide entries with the keyword  

“Germany”, the 135 sequences cited by Lu et al. [32] and other sequences from around the word, but 

particularly from other European countries. The evolutionary history was inferred by using the  

Maximum Likelihood method based on the Kimura 2-parameter model [53]. The trees with the highest 

log are shown. The percentage of trees (boostrap values for 500 replicates for the first CG tree—and  

100 replicates for all others trees) in which the associated taxa clustered together is shown next to the 

branches. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining (NJ) 

method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 

approach. A discrete Gamma distribution was used to model evolutionary rate differences among sites 

(5 categories). The trees were drawn to scale, with branch lengths measured in the number of 

substitutions per site. Codon positions included were 1st + 2nd + 3rd. Evolutionary analyses were 

conducted in MEGA6 [51]. The alignment in FASTA format and the auxiliary worksheet for 

classification, selection and automatic labeling of sequences in MEGA are provided in Supplementary 

Files S01, S02 (updated versions are planned to be available from the authors). The sheet enables a quick 

selection of all the sequences spanning a given genomic region, which can be set in alignment 

coordinates (nt position) or by referencing to the sequences M73218 (Burma) or FJ705359 (wbGER27). 

Starting with the CG, and followed by the longest sequences, we built phylogenetic trees, and labeled 

each sequence as a “reference” to be used in subsequence classifications only if the tree reproduced the 

same topology as the tree for CG and if the clade was supported by bootstrap values of more than 70%. 

That is: HEV-3 sequences were labeled as “reference” only if the subtype was unambiguously 

determined. We assumed that all sequences from one strain represent the same genome sequence, and if 

one of them was labeled “reference”, all the others were also labeled.  
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3. Results  

3.1. HEV RNA Detection  

HEV RNA was detected in 32 out of 955 blood samples from 1996/97 and three out of 58 blood samples 

from 2005/2006, which suggests a virus prevalence of about 3.4% and 5.2%, respectively. In addition, 

HEV RNA was found in 14 out of 134 wild boar derived liver samples from the Greifswald region, 

giving a prevalence rate of about 10.4%. Finally, two wild boar liver samples (WS03-09 and WS05-09) 

from individual hunts were also positive. All HEV RNA positive samples were re-tested with the PCR 

for genotyping, and partial sequences from 12 animals could be recovered and subjected to phylogenetic 

analysis.  

3.2. Phylogenetic Analyses  

A reference phylogenetic tree was constructed based on 166 CG sequences, including eight German 

HEV isolates and 98 strains of genotype 3 (Figure 1a, which corresponds to Figure 4 in [32]). The 

hypervariable region (HVR) (2146–2358 nt) was excluded from this analysis. All nucleotide positions 

refer to sequence M73218. This tree confirmed a good separation of the HEV-3 from all other HEV 

genotypes. The sequences clustered into four monophyletic groups: “3jab”, “3chi”, “3feg” and “rabbit”. 

A detailed overview of the HEV-3 clade is shown in Figure 1b.  

 

Figure 1. Cont.  
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Figure 1. Molecular Phylogenetic analysis of 166 complete HEV genomes by Maximum 

Likelihood method based on the Kimura 2-parameter model. The percentage of trees (from 

500 bootstrap replicates) in which the associated taxa clustered together is shown next to the 

branches when over 70%. Initial tree(s) for the heuristic search were obtained by applying 

the Neighbor-Joining method to a matrix of pairwise distances estimated using the 

Maximum Composite Likelihood (MCL) approach. A discrete Gamma distribution was used 

to model evolutionary rate differences among sites (five categories (+G, parameter = 

0.5255)). The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. All positions with less than 95% site coverage were eliminated. There 

were a total of 6868 positions in the final dataset. Evolutionary analyses were conducted in 

MEGA6. (a) Global view of the unrooted tree, which corresponds to Figure 4 in Lu et al. 
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[32]; (b) Detailed view of the HEV-3 clade. (*)—references sequences cited by Lu; HRC-

HE104—strain used in the HEV RNA WHO standard; wb—wild boar. See Supplementary 

Table S01 for more information. 

The analysis was continued only with HEV-3, excluding the rabbit sequences, which form a well 

separated clade.  

Comparisons amongst complete HEV-3 genomes display different levels of diversity within this 

genotype (Figure 2). The analysis of the frequency of corrected distances between sequences shows a 

possible separation around 0.14 substitutions per site. Sequences with lower differences belong to the 

same subtype. The graphic of the frequencies depicts two additional intermediary peaks, which are the 

basis for the definition of groups (3jab, 3chi and 3feg) and of major clades 3-I (3jab and 3chi) and 3-II 

(3feg) [54] (Figure 2).  

The newly obtained tree (Figure 3a) for complete HEV-3 genomes further segregated the sequences 

in subtypes clades 3j, 3a, 3b, 3c, 3h, 3e and 3f. This classification was supported by bootstrap values of 

99%–100%. Subtypes 3i and 3g were represented by individual isolates. Ninety-six of these sequences 

were marked as “reference”. Two strains were marked 3ef. German strains were grouped in the 3a, 3c, 

3i, 3e and 3f subtypes. This Figure represents our best approximation to the true topology and displays 

the reference structure for all subsequent trees.  

  

Figure 2. Frequency diagram of corrected distances between sequences from Figure 3a. 

It shows a possible separation of subtypes and suggests a possible definition of groups 

(3chi, 3jab and 3feg) and of major clades 3-I and 3-II (Norder, 2009). Pairwise distances 

were estimated using the Maximum Composite Likelihood (MCL) approach and grouped 

in intervals of 0.003. A discrete Gamma distribution was used to model evolutionary rate 

differences among sites (five categories). All positions with less than 95% site coverage  

were eliminated.  
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Figure 3. Molecular phylogenetic analysis of: (a) CG-[HVR]: 97 complete HEV-3 genomes, excluding the HVR (M73218:2146-2358 nt);  (b) 

ORF1.1860nt: 96 partial HEV-3 genome sequences spanning the region 93–1952 nt, which correspond to a partial sequence JQ807482(●) 

obtained in this study from the animal WS05-09; (c) ORF1.318nt: 124 partial HEV-3 genome sequences spanning the region Burma.M73218:   

61–378 nt approximately correspond to Figure 2 in [32]. Three of the sequences obtained in this study are included here (●): JQ807489, JQ807482 

and JQ807479 (Bugewitz strain). Detailed view of the sequences used in b and c can be seen in supplementary Figures S01 and S02. 2713  

  

( a)  ( b)  ( c)  
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Figure 4. Molecular phylogenetic analysis of: (a) HVR.319nt: 126 partial HEV-3 genome sequences spanning the region 2094–2412 nt. The 

branches for sequences AF455784-3g and JN564006-3a are very large and have been truncated, including eight of the sequences obtained in 

this study (●); (b) RdRp.280nt: 147 partial HEV-3 genome sequences spanning the region 4284–4563 nt, including three of the sequences 

obtained in this study (●); (c) ORF2.187nt: 124 partial HEV-3 genome sequences spanning the region 6277–6463 nt, including five of the 

sequences obtained in this study (●), and stool pools from The Netherlands: 3c (▲) NLSW36 and NLSW105 and 3c+3f: (▼)NLSW20 and 

NLSW99 (see discussion). Detailed view of the sequences can be seen in supplementary Figures S07–S09.  

  

( a)  ( b)  ( c)  
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Figure 5. Scheme of the alignment of the deduced amino acid sequences including the 

HVR, which is flanked by conserved regions (some sequences only partially span this 

region and gaps in the conserved flanks are not part of the alignment). Obtained from the 

Alignment Explorer of MEGA6 (screenshot).  

Each sequence in the alignment was analyzed by constructing a tree based on its exact (or near equal) 

length and including all the other sequences that span the region. More than 50 trees were analyzed, and 

as a result 68 more sequences were selected as “reference”, 48 of them longer than 1000 nt. Trees 

constructed for sequences more than 1500 nt length retained the same topology and support, with 

bootstrap values of at least 80% and each of the subtypes with more than one sequence. A representative 

tree based on 96 partial sequences spanning a region of 1860 nucleotide from position 93 to 1925 in the 

ORF1 (ORF1.1860nt) is depicted in Figure 3b.  

Reduced sequence length maintains the same basic tree topology, but leads to a reduced or no 

bootstrap value support. This goes along with an increasing number of available sequences, better 

reflecting the HEV-3 diversity (Supplementary Figure S03). The tree based on a 318-nucleotide region 

from the 5’ section of the genome (position 61–378, ORF1.318nt), which includes the alignment of 124 

partial sequences, is shown in Figure 3b. Newly recovered sequences from German wild boar isolates 
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could be classified as subtype 3b (isolate WS03-09) and as subtype 3i (isolate WS05-09). Isolate WS34-

10 was tentatively assigned to subtype 3b.  

An overview of all the newly classified isolates from Mecklenburg-Western Pomerania and the 

corresponding accession numbers are depicted in Supplementary Table S02. A phylogenetic tree based 

on a 242-nucleotide region (positions 125–366 nt, ORF2.242nt) including 294 isolates is deposited at 

Supplementary Figure S03a. 

The HVR (nucleotide position 2146–2358) was found to be particularly variable and was therefore 

manually aligned considering the deduced amino acid sequences. A scheme of a protein alignment of 

this region is shown in Figure 5. The longest stable HVR was found in strains of the subtype 3f, which 

were isolated from humans in France and Spanish pigs. In comparison, all other isolates contained 

shorter sequences without changing the coding frame. A tree based on a 319-nucleotide region (position 

2094–2412) with 126 partial HEV-3 nucleotide sequences is shown in Figure 4a. This grouping assigned 

the strain WS03/09 to subtype 3b, the two isolates WS34-10 and WS35-10 were associated only weakly 

with subtype 3a and five isolates (WS05-09, WS21-10, 5160, 5304, 4322) clustered within subtype 3i. 

A tree for 147 partial sequences within the RdRp region (280 nucleotide length, position 4284–4563, 

RdRp.280nt, Figure 4b, which approximately corresponds to Figure 6 presented by Lu et al. [32]) 

reproduced a similar topology compared to the CG. This tree confirmed the assignment of the strain 

WS03/09 to subtype 3b and a weak association of two isolates WS34-10 and WS28-10 to subtype 3a. 

Finally, we carried out a phylogenetic analysis with sequences of the ORF3 (position 5180–5404, 

ORF3.225nt, Supplementary Figure S10/S11) and ORF2 (position 6277–6463, ORF2.187nt in  Figure 

4c, which partially correspond to Figure 5 in [32]) including 114 and 124 sequences, respectively. In 

both cases, monophyletic groups were not well supported leading to bootstrap values below 70% and in 

the case of the ORF3 without clear separation into subtypes. Thus, the subtypes were proposed (if 

possible) assuming the subtype of the nearest sequences. Using ORF3 derived sequences, we assigned 

three isolates to subtype 3a (isolate 8603, isolate 4701 and 4973), isolate WS03-09 to 3b, three isolates 

(WS28-10, WS34-10, WS35-10) weakly to 3b and two isolates to 3i (WS05-09, WS21-10) In the case 

of partial ORF2 derived sequences, two isolates segregated to subtype 3a (8603, 4701) and three isolates 

into subtype 3b (WS34-10, WS35-10, WS03-09).  

In summary, twelve new isolates from Germany were analyzed using partial sequences from different 

regions of the genome (Supplementary Table S02). More than 1200 publicly available sequences, 

representing more than 1100 isolates, were subtyped accordingly and are listed in Supplementary Table 

S01. The classified strains are summarized by geographic region, subtype and host in Table 2.  
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Table 2. Subtype distribution of the 1109 isolates of genotype 3, represented by the 1283 

sequences analyzed. Summarized by continent, country, and source—shown in order: 

human‘pig‘wild animal‘other. For example 1’2’3’4 means: 1 human isolate; 2 isolates from 

pig; 3 isolates from wild animals; and 4 from others sources (environment samples, water, 

etc.). As some isolates have undetermined subtypes and are not shown, not all rows or 

columns sum the real total. Due to various types of biases in the selection of the biological 

samples by the original authors and in our selection of sequences, the only approximate 

analysis possible was the comparison of the proportion of subtypes by host in different 

countries or regions. An alternative, graphical view is available at Supplementary Figure 

S13, which can also be explored interactively.  

Origen  3  3jab   3chi    3feg Total  

     3a  3b  3d  3j  3h  3L  3i  3c   3e  3ef  3f  3g  3k  
  

Africa           7  
       7  

CMR           0’4  
      0’4  

MDG           0’3  
      0’3  

America  
   27  2    2  

  15  
              47  

ARG  
        1  

  3’1  
              5’1  

URY  
       

   
  10  

              10  

BRA  
       

   
  0’1  

              0’1  

CUB  
  7’6     

   
                  7’6  

CAN  
  2’1  1’1      

                  3’2  

MEX  
        0’1  

                  0’1  

USA  
  6’4’0’1     

   
                  6’4’0’1  

Asia  
  18  67  3  3  3  

       13  1  5  1    114  

CHN  
     1’1  0’3    

                  1’4  
JPN  

  10’3’2  30’12’23    1’2  
        4’3’4          46’20’29  

KOR  
   0’2        

                  0’2  

KGZ  
                         0’1    0’1  

MNG  
          0’1  

         0’1        0’2  

NZL  
          1’1  

       1          2’1  

THA  
                       4’1      4’1  

Europe  8   59  2      10  
  25  277   326  2  208  9    940  

ESP  
  0’0’0’1     

   
0’0’0’1  

       0’2    7’27’0’13  
    7’29’0’15  

FRA  
    1      3’1  

    3’1  4’1’0’1    24’9  
    35’12’0’1  

GRC  
       

   
         1    1  

    2’3  

ITA  
       

   
1  

    0’1  
    0’2  

    1’3  

AUT  
  0’4     

   
    1’1  

            1’5  

NLD  
  1’10     

   
      16’29’1  2’2’0’1    5’33’0’1  

    24’74’1’2  

DEU  4  9’2’11  0’0’1      0’0’4  
  0’0’21  40’6’14  11’8’6  2  15’1’1  1  

  82’17’61  

HUN  
  0’8’3     

   
        3’12’2    2  

    5’20’5  

CZE  
       

   
         2    1’4  1’4’2  

  4’8’2  

SRB  
  0’4     

   
              0’1’2  

  0’5  

SVN  
       

   
                0’3  0’3  

GBR  3  6     

   
      165   268    57  

    507  

SWE  1  
     

   
    2  0’0’1  

    4’1  
    7’0’1’1  

Total  8  104  71  3  5  20  15  25  277   339  3  213  10  3  1109  
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4. Discussion  

The high sequence variability of HEV genomes is the central problem affecting the screening and 

diagnostic methods for the detection and quantification of the viral RNA. Therefore, the conserved 

ORF3 region offers a promising target for PCR assays (as reported by Jothikumar et al. [55]). Within 

this region, considering potential secondary structures, the high cg content, and trying to avoid the 

frequently observed non-specific signals with high Ct-values, we developed a new real-time RT-PCR 

assay (Table 1).  

The HEV RNA detection rate of 3.4% in nearly 1000 sera collected from swine in 1996/97 and of 

5.2% collected in 2005/2006 in the here presented study was similar to a previously reported 5.3% 

prevalence rate found in 189 samples collected in 1995/96 from the same region [12]. This indicates 

a constant circulation of HEV in this region. In addition, the prevalence of HEV in liver samples was 

10.4%, which corresponds to the 14.9% [14] and 18.1% [13] found in wild boar derived liver samples 

from other regions in Germany.  

The use of different and short genome regions for genotyping can lead to incongruences and 

provides insufficient evidence for establishing or refuting phylogenetic hypotheses [56]. Considering 

the given restriction, Lu et al. [32] proposed a comprehensive subtype scheme for the phylogenetic 

analysis of Hepatitis E virus, which has been commonly used. Nevertheless, Lu pointed to some 

incongruence in this scheme due to the use of different regions and to the small number of sequences 

within some subtypes that were available.  

A major source of inconsistency during subtyping is the combined use of short sequences and the 

pooling of samples with a subsequent in silico concatenation of sequences. For example, Lu pointed 

out that the Arkell strain isolated from a pool of pig feces in Canada [57] is probably an artificial 

mixture of sequences, which could explain the inconsistent classification of this strain using different 

regions. Similarly, ORF1.242nt and ORF2.301nt sequences derived from pools of 20 to 60 pig faces 

[19] were used by Lu to define the 3c subtype (in the major clade I), but if only the ORF.148nt is 

analyzed, two of them distantly cluster 3f in the major clade II. Both 3c and 3f subtypes are common 

in Dutch pigs. Most of these inconsistences can be avoided using the original set (or a new consensus 

set) of reference sequences. Nevertheless, in general, this effect could appear without pooling of 

samples, due to co-infections and to true recombination between distant strains that are presumably 

rare events.  

Another source of inconsistency is the lack, or insufficient number, of strains in some subtypes. 

The introduction of a new subtype based only on one single or a few short sequences can be error 

prone, due to laboratory artifacts, insufficient phylogenetic information, recombination, etc. For 

example, a new Hepatitis C virus (HCV) subtype (among other requisites) is created only when one 

complete genome (CG) and two other sufficiently informative sequences are available [58]. Basically, 

the CG will serve as a reference along the whole genome and the other two will determine the cluster, 

or prove the existence of a relatively recent common ancestor. This is an obvious problem within the 

HEV group 3chi: only 12 sequences longer than 1500 nt are available, from which only seven 

comprise CG (Supplementary Figure S12). Within the group 3chi, the best-described subtype appears 

to be subtype 3c (in the set of sequences we had already analyzed), with three CG and a large number 

of partial sequences. However, the 3i subtype is represented by only one CG, thus making it difficult 

to compare the sequences from different genomic regions that could be assigned to this subtype. Three 
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CG were assigned to the subtype 3h, but they are highly divergent. It is important to note that the 

current poor structure of the group 3chi is not due to a rare detection of 3chi sequences, but rather to 

a relatively limited effort to obtain CG or nearly complete sequences. Most of the long HEV-3 

sequences have been obtained in Japan (54 CG of 97 and 58 of 117 sequences longer 1500 nt), where 

3chi apparently does not circulate.  

Based on Lu’s classification scheme, we generated an updated phylogenetic tree with all newly 

available CG of genotype 3 and used the corresponding structure (Figure 3a) as template for 

subsequent classification of other strains based on partial sequences only. Our experimentally 

recovered partial sequences from different genomic regions, covering the 5’ ORF1, HVR, ORF3 and 

ORF2 (target regions selected in this study) and the RdRp regions [59] were originally selected to 

match that of the majority of the European sequences. The results show that partial sequences from 

our ORF1, HVR, RdRp and ORF2 regions generated trees with similar structures compared to the 

reference tree and can be used to subtype most sequences. In contrast, sequences from ORF3.225 are 

only partially suitable for classification up to the subtype level. In this context, the tree topology of 

Figures 3b and 5 correspond to previously published trees (Figures 2 and 6, Lu et al. [32]). 

The HVR is not a typical hypervariable region, but rather a genotypically diverse sequence [31].  

The variability of this region has two components: (1) a higher mutation rate, and (2) insertions and/or 

deletions of one or two triplets or of much longer sequences (but maintaining the same reading  frame) 

[60,61]. Taking this into account, it is almost trivial to find the right alignment manually and to  decide 

whether the region should be included or not in the phylogenetic analyses. This alignment  alone 

(Figure 5) allows an approximate reconstruction of the evolutionary history of the HEV genotypes 

and subtypes.  

Based on the analysis of the 1652 nt part of the ORF2 not overlapping the ORF3 region,  Purdy et 

al. [31] (including near 55 HEV-3 sequences) calculated the Time of the Most Recent Common 

Ancestor (TMRCA) of the four genotypes to be around the year 1475, and for HEV-3 and -4 around 

1595. The TMRCA of major clades 3-I and 3-II (HEV-3 excluding the rabbit sequences) was 

determined near the year 1790, and for the clade 3-I (corresponding to 3chi and 3jab together) in 

1865. Each group (3jab, 3chi and 3feg) has evolved roughly from 1900. While subtypes 3a and 3e 

have a TMRCA in 1945, the 3b and 3f+3ef are approximately 15 year older (without the 3ef, it is 

reduced for 3f to around 1960). Interestingly, the whole HEV-1 is only 100 years old. In a more recent 

analysis [43] using only the ORF2.301nt (including 208 HEV-3 sequences) the TMRCA for both 

major clades I and II together was dated to 1810 and for the clade I alone (3chi + 3jab groups) to 

1895. Each group was correspondingly estimated: 3jab—1920; 3chi—1919; and 3feg—1889. For 

subtypes: 3a—1959; 3b—1944; 3f—1935; and 3e—1917 (include sequences not included by Purdy). 

The subtype 3d was the last separation, in 2002. Another study [45] shows compatible results and 

possible sources of minor discordance are discussed [43].  

Not all possible methods of evolutionary tree reconstruction were thoroughly evaluated, but we 

noted that modeling evolutionary rate differences among sites have a major impact on the consistency 

of the results and that the tree generated with a ML method have longer internal branches and shorter 

terminal branches than with the NJ method, which is considered a good characteristic [62].  

Partial sequences from twelve field isolates could be recovered and they all clustered within  

genotype 3. Three strains (4701, 4973, 8603) from the retrospective samples segregated to subtype 

3a, which has been already detected in German autochthonous human infections [63], in wild boars 

around the city of Potsdam, in Brandenburg [14], as well as in human and pig samples from Bavaria 
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[15]. Subtype 3a appears to be worldwide represented in samples from humans, pigs and wild animals 

(especially boar). In American samples, 3a could be the predominant and potential indigenous 

subtype (Supplementary Table S02), and import of USA pigs has been pointed to as a source of 

infection in South Korea and Japan [45].  

Unexpectedly, the strain WS03-09 collected from an animal hunted in Western Pomerania 

clustered within subtype 3b for the four regions analyzed. In Europe, subtype 3b has not been detected 

in wild boars or domestic pig populations so far. This subtype probably originated from Japan [45] 

and has been mainly identified in humans, wild boars, domestic pigs and deer from that country. It 

has also been isolated from one Canadian pig and (reportedly) from humans and swine in Brazil [64]. 

In Europe, only one human isolate from France was grouped into subtype 3b [65]. We report here the 

first non-Japanese 3b isolate obtained from a wild animal.  

WS 34/10, WS 35/10, and WS 28/10 could be classified 3jab, but could not be unambiguously 

subtyped and further investigations using longer sequences are needed to define if they cluster into 

existing subtypes (no -a or -b) or whether they define a new subtype within the 3jab group.  

No sequences within subtype 3c were discovered in this study, although 3c appears to be specific 

for Central Europe and is the major subtype in Germany, Netherlands and recently United Kingdom, 

detected in humans, pigs and wild boars.  

Sequences from animals WS 05/09, WS 21/10, 5160, 5304 and 4322 clustered within subtype 3i, 

which is closely related to the 3c, and could have similar distribution. Curiously, none of the 101 

analyzed strains from The Netherlands was classified 3i, but 21 (all from wild board) out of 162 

Germans strains were classified 3i. Until now, this subtype has been detected in Germany in only 

wild boars, but in Austria and Argentina has been also detected in humans.  

Other subtypes were not detected, although especially subtype 3e and 3f are widely distributed in 

Europe (Table 2). The subtype 3e appears to be more widely distributed than 3c, including clusters 

of sequences from Japan and West Europe but it is more represented in Central Europe. In contrast, 

3f sequences are more frequently found in Spain and France, and also found in other European 

countries. 3f has been also detected outside Europe in Thailand (two Japan patients were infected 

with this subtype after a trip to this country). Interesting, only one 3f strain was isolated from wild 

boar (from 94 total wild boar analyzed), but 204 were isolated from humans and domestic pigs (out 

of 998 from all subtypes). Finally, we recommend the use of partial sequences only when the obtained 

tree reproduces the same structure compared to the CG tree. Ideally, sequences with more than 1000 

nt should be used for classification. In contrast, sequences below 200 nt should be avoided for 

subtyping. In particular, the commonly used ORF2.148nt, and the OFR2.171nt generate poorly 

structured trees. ORF3 sequences are sufficient for genotype, but not for subtype determination. HVR 

sequences should only be used for intra genotype comparisons, and alignments have to be checked 

manually, especially in the case of sequences with long insertions, which are impossible to be 

compared with the reference sequences. Do not define or modify subtypes based only on a single CG 

or only on short sequences (less than 1500 nt).  
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5. Conclusions  

We designed RT-PCR assays for screening, quantification and genotyping of HEV-3 strains, and 

detected viral RNA in wild boar samples from Mecklenburg-Western Pomerania, Germany. Twelve 

strains clustered into subtypes 3a, 3i and, unexpectedly, also 3b, which is a common subtype in Japan, 

but has not been reported in animals in Europe. The phylogenetic trees based on our partial sequences 

of ORF1, RdRp, HVR and ORF2 regions reproduced similar topology as obtained from complete 

genome analysis and were useful for subtyping.  

More than 30 different PCR fragments and the corresponding genomic regions have been used for 

genotyping and subtyping so far, which is a source of ambiguous subtyping schemes and inadequate 

classification. The presented study offers an updated set of reference sequences for the relatively simple 

and neutral subtype scheme proposed by Lu et al. [32], which could eliminates most of the existing 

incongruences and creates the basis for new hypotheses regarding the Hepatitis E epidemiology. A 

comprehensive subtyping of HEV-3 according to this classification scheme could enable a detailed 

view of the spread of HEV-3 strains among pigs, wild life and humans, and could allow determining 

the consequences of infections with different subtypes on humans and finally help limit the potential 

spread of the disease.  
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Supplementary Table S01. Global classification of Hepatitis E virus isolates using complete genomes 

(CG) or partial sequences from open reading frame 1 (ORF1), hyper variable region (HVR), RNA 

dependent RNA polymerase (RdRp), open reading frame 3 (ORF3) and open reading frame 2 (ORF2). 

All nucleotide positions refer to FJ705359 (wbGer27). Abbreviations: (*) reference sequences as cited 

by Lu et al. [32]; (**) strain used in the HEV RNA WHO standard (WHO, 2013);  3b.JIO—virulent 

strain from Japan; the sequences selected as “reference” are marked with an +;  wb—wild boar; 3-letter 

country code after ISO 3166-1 alpha-3. When the information was available, this country code reflects 

the country from where the infection was imported. German isolates derived from Federal Institute for 

Risk Assessment (FIRA), Robert-Koch-Institut (RKI), Friedrich-LoefflerInstitut (FLI), Germany, 

University of Regensburg, Institute of Medical Microbiology and Hygiene (UReg), Bernhard Nocht 

Institute for Tropical Medicine (BNI) and University of Veterinary Medicine Hannover (TiHo). Burma 
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(Myanmar, MMR) was conserved due to the widespread use in HEV related literature. mac-hum—

isolated from macaques original inoculated witch human feces, or from both. (Supplem.Table S01.xlsx) 

Region / year Name ORF1  HVR  RdRp  ORF3 ORF2  
copies / 
reaction 

Mecklenburg-Western 
Pomerania 2005 

8603 n.a. n.a. n.a. 3a 3a 11.000 

accession nr.       JQ807476 HE797854   

Mecklenburg-Western 
Pomerania 1997 

4701 n.a. n.a. n.a. 3a 3a 2 

accession nr.       JQ807472 HE797853   

4973 n.a. n.a. n.a. 3a n.a. 1 

accession nr.       JQ807473     

Mecklenburg-Western 
Pomerania, Greifswald, 
Diedrichshagen 2010 

WS 34-10 3b (3jab)* 3a (3jab)* 3a (3jab)* 3b ? 3b ? 1.750 

accession nr. JQ807489 JQ965993 JQ807488 JQ807490 HE797856   

WS 35-10 n.a. 3a (3jab)* n.a. 3b ? 3b ? 16.300 

accession nr.   JQ807491   JQ807492 HE797857   

WS 28-10 n.a. n.a. 3a (3jab)* 3b ? n.a. 640 

accession nr.     JQ807486 JQ807487     

Mecklenburg-Western 
Pomerania, Bugewitz 

2009 

WS 03-09 3b 3b 3b 3b 3b 63.000 

accession nr. JQ807479 JQ807478 JQ807477 JQ807480 HE797855   

WS 05-09 3i 3i n.a. 3i n.a. 1.100 

accession nr. JQ807482 JQ807481   JQ807483     

Mecklenburg-Western 
Pomerania, Greifswald, 

Steffenshagen 2010 

WS 21-10 n.a. 3i n.a. 3i n.a. 1.240 

accession nr.   JQ807484   JQ807485     

Mecklenburg-Western 
Pomerania 1997 

5160 n.a. 3i n.a. n.a. n.a. 560 

accession nr.   JQ807474         

5304 n.a. 3i n.a. n.a. n.a. 400 

accession nr.   JQ807475         

4322 n.a. 3i n.a. n.a. n.a. 99 

accession nr.   JQ807471         

Supplementary Table S02. Subtype designation and accession numbers of sequences from isolates 

recovered in this study. *tentatively assignments.  

Figures  

Supplementary Figure S01. Detailed view of the sequences used in Figure 3b.  

Supplementary Figure S02. Detailed view of the sequences used in Figure 3c.  

 

https://github.com/qPCR4vir/HEV/blob/master/data/Supplem.Table%20S01.xlsx
https://github.com/qPCR4vir/HEV/blob/master/data/Supplem.Table%20S02.xls
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Supplementary Figure S03. Molecular phylogenetic analysis of: (a) ORF1.242nt  (left): 294 partial HEV-3 genome sequences spanning the 

region 125-366 nt including all the sequences from Figure 2 in [32], a large number of European sequences, partial sequences from animals WS34-

10: (●) JQ807489, and (●) JQ807482,  and stool pools from Netherlands:  3c (▲) NLSW36 and  NLSW105 and 3c+3f: (▼)NLSW20 and  

NLSW99 (see discussion); (b) ORF2.280nt (center): 665 partial HEV-3 genome sequences spanning the region 6017-6296 nt including near 500 

sequences from England and Wales (Ijaz et al. 2014),  and from the same stool pools from Netherlands:   (▲) and (▼); (c) ORF2.241nt (right): 

156 partial HEV-3 genome sequences spanning the region 5596-5836 nt.  Detailed view of all the sequences used can be seen in Supplementary 

Figures S04, S05 and S06 respectively. 

(a) (b) (c) 
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Supplementary Figure S13. Geographical distribution of subtypes by host (human, domestic pig, or wild animals). This information can be also 

interactively explored at:  https://public.tableau.com/views/HEV-g3/Story3?:embed=y&:showTabs=y&:display_count=yes.  
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Supplementary Figure S04. Detailed view of the sequences used in Supplementary Figure S03a.  

Supplementary Figure S05. Detailed view of the sequences used in Supplementary Figure S03b.  

Supplementary Figure S06. Detailed view of the sequences used in Supplementary Figure S03c.  

Supplementary Figure S07. Detailed view of the sequences used in Figure 4a.  

Supplementary Figure S08. Detailed view of the sequences used in Figure 4b.  

Supplementary Figure S09. Detailed view of the sequences used in Figure 4c.  

Supplementary Figure S11. Molecular phylogenetic analysis of: (a) ORF3.225nt: 114 partial  HEV-3 

genome sequences spanning the region 5180–5404 nt, including sequences obtained in this  study (●).  

Supplementary Figure S10. Detailed view of the sequences used in in Supplementary Figure S11.  

Supplementary Figure S12. Detailed view of the 3chi group from three partial genomic regions.  

 

Supplementary Files  

Supplementary File S01: HEV-A.fasta.zip. Multialignment in FASTA format, compressed.  

Supplementary File S02: HEVsubtypingMEGAut.xlsx. Auxiliary worksheet for classification, 

selection and automatic labeling of sequences in MEGA.  

    

  

https://github.com/qPCR4vir/HEV/blob/master/data/HEVsubtypingMEGAut.xlsm
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Abstract: We detected Hepatitis E virus in serum samples of 

wild rabbits that were hunted in 1989 around the city of 

Greifswald, Germany. The recovery of one partial sequence 

and subsequent phylogenetic analysis indicates a close 

relationship to rabbit HEV sequences from France and 

suggests a long-established circulation of rabbit HEV in 

Europe. 

Keywords:   Hepatitis E virus  ·  Rabbit  · Germany ·   

Phylogenetic analysis 

Hepatitis E virus is a positive-sense single-stranded 

nonenveloped RNA virus which has been classified in the 

Hepeviridae family, genus Hepevirus. The viral genome 

contains three open reading frames (ORFs), whereas ORF1 

codes for several non-structural proteins, ORF2 for the 

capsid protein, and ORF3 for a small phosphoprotein. 

Hepatitis E virus is a zoonotic pathogen, transmitted 

primarily by the fecal–oral route causing large numbers of 

human cases throughout Asia, the Middle East, and Africa. 

In Europe and Northern America, an increasing number of 

autochthonous cases of hepatitis E are reported. According 

to a new classification scheme, these strains belong to genus 
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 Orthohepevirus, genotype HEV-3, which infects humans, 

pigs, and other mammals (Smith et al. 2014). Rabbit-

derived isolates belong to HEV-3 but form a separated clade 

in this genotype (Vina-Rodriguez et al. 2015). 

After the first identification of a novel rabbit-derived 

HEV strain in farmed rex rabbits (Zhao et al. 2009), 

subsequent findings from farmed rabbits were reported in 

other regions of China (Geng et al. 2011; Wang et al. 2013; 

Geng et al. 2013), Mongolia (Jirintai et al. 2012), and the 

USA (Cossaboom et al. 2011, Cossaboom et al. 2012a, b). 

Recently, laboratory rabbits from US vendors were tested 

positive for antibodies against HEV (Birke et al. 2014). 

Current findings in Europe are only reported from France 

including farmed and wild rabbits (Izopet et al. 2012) and 

Italy (Caruso et al. 2015) so far. A recent study showed that 

rabbit HEV belongs to the same serotype as human HEV 

(Wang et al. 2013). Moreover, under experimental 

conditions, rabbit HEV has been shown to infect non-human 

primates, which developed typical hepatitis (Liu et al. 

2013). In a French human strain, a unique 93-nucleotide 

insertion 3’ adjacent to the hyper variable region (HVR) 

within the X domain was identified which was also found in 

French rabbit HEV isolates (Izopet et al. 2012). A similar 

90-nucleotide insertion observed in a rabbit isolate from the 

United States (Cossaboom et al. 2012). The influence of this 

insertion on host range and pathogenesis remains to be 

elucidated. Thus, recovered rabbit sequences demonstrated 

a close relationship to (human) HEV-3 strains indicating 

zoonotic infections in humans. 

Therefore, additional information is needed to assess the 

distribution of rabbit-derived HEV and the importance of 

this virus reservoir for human health. 

In our study, 13 serum samples from wild rabbits were 

analyzed which were collected in the context of a general 

surveillance  for  wildlife  pathogens  in  1989  in  the larger  
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Table 1 Results of testing for HEV RNA by quantitative real-time RT-PCR and HEV antibodies by AXIOM ELISA 

 

Greifswald area in Mecklenburg Western Pomerania. The 

presence of antibodies was analyzed with the HEV-Ab 

ELISA, which detects total antibodies in sera irrespectively 

of the species (Axiom solutions, Germany). All 13 sera 

tested were diluted 1:1 in specimen diluent according to 

manufacturer’s instructions. RNA from serum was isolated 

via QIAamp viral kit (Qiagen, Germany) and tested by 

quantitative real-time RT-PCR (RT-qPCR), which targets a 

sequence within ORF2 (Vina-Rodriguez et al. 2015). In 

total, 4 out of 13 sera samples were positive in the ELISA 

and one sample borderline. Interestingly, four samples were 

PCR positive, indicating a recent infection (Table 1). One 

sample (Laboratory ID: Dj27/89 H844) was seropositive as 

well as HEV RNA positive. From this sample, a partial 

sequence could be recovered by RT-PCR assay which 

targets the hypervariable region (HVR): RT-PCR step was 

performed using primers HEV.HVR_F1  

Positive results are depicted in bold 

Fig. 1 Phylogenetic analysis of rabbit 

HEV isolates based on partial HVR 

sequences (300 nt). The phylogenetic 

tree was generated by the 

maximumlikelihood method based 

on the Kimura 2-parameter model by 

using MEGA6 software. All 

positions with less than 80 % site 

coverage were eliminated. GenBank 

accession numbers are shown for 

each HEV strain used in the 

phylogenetic analysis. Scale bar 
indicates nucleotide substitutions per 

site. a The phylogenetic tree consists 

of 127 nucleotide sequences and 

representative strains of HEV-3 

genotype including major groups 

3jab, 3chi, 3feg, and the rabbit clade. 

Isolates are characterized by 

accession number, isolate 

designation, classification (subtype), 

country (3-letter code), host, and 

sampling year. b The phylogenetic 

tree of the rabbit clade with 17 

rabbit-derived sequences and one 

human sequence (JQ013793). The 

German isolate KR261083 is 

indicated by a closed circle 

Laboratory ID RT-qPCR [Ct] Axiom ELISA 

Dj27/89 H815 N/A neg 

Dj27/89 H816 N/A neg 

Dj27/89 H817 N/A neg 

Dj27/89 H819 N/A pos 

Dj27/89 H820 N/A doubtful 

Dj27/89 H836 N/A neg 

Dj27/89 H839 35, 82 neg 

Dj27/89 H841 N/A pos 

Dj27/89 H843 N/A pos 

Dj27/89 H844 29, 22 pos 

Dj27/89 H846 36, 01 neg 

Dj27/89 H847 36, 6 Neg 

Dj27/89 H848 N/A neg 
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(5’-TTYTCYCCTGGGCAYMTYTGGGA-3’) and 

HEV.HVR_R1 (5’-TTAACCARCCARTCACARTCYG-

AYTCAAA-3’), referring to nucleotide position 2069–2469 

of wild boar isolate FJ705359 (Vina-Rodriguez et al. 2015). 

Phylogenetic analysis of the 300-bp sequence (accession no. 

KR261083) demonstrated the clustering of the German 

isolate within the rabbit clade of the HEV-3 genotype (Fig. 

1a, b). A detailed overview of Fig. 1a including used 

accession numbers is shown in supplemental figure S1. 

Nucleotide sequence alignment assigned the smallest 

differences to French rabbit HEV isolates JQ013789 and 

JQ013790 collected in 2007/2008 (Izopet et al. 2012) 

displaying differences of about 30 % compared to the 

German isolate. Due to the short partial sequence, an 

extended comprehensive molecular analysis of the whole 

genome including the potential 93-nucleotide insertion was 

not possible. The general high percentage of substitutions 

per side is a prerequisite of the high variability within this 

region. 

The seroprevalences in farmed rabbits differed between 

0 and 55 % in distinct Chinese Provinces (Geng et al. 2011) 

and 30–52 % in US (Cossaboom et al. 2011). The 

corresponding RNA prevalence ranged from 0 to 11.6 % 

and 3.3– 48 %, respectively. The striking differences can be 

attributed to a just started or ongoing fecal oral transmission 

of the virus under cage management conditions and are also 

related to the mostly unknown age of the animals. 

Correspondingly, virus prevalence rates for French wild 

rabbits, established in warrens, ranged from 0 to 100 % 

(Izopet et al. 2012). Free-living rabbits from our study 

harbored a seroprevalence of about 31 % (4 out of 13) and a 

RNA prevalence of 7.7 % (1 out of 13) which is in line to 

the previous findings; however, due to the low sample 

number, only limited conclusions can be made. Therefore, 

the prevalence of rabbit HEV in wild rabbit populations and 

the impact for wild life need to be examined more closely. 

Since the positive samples date back to the year 1989, 

this detection of HEV in wild rabbits in Germany is a first 

hint for the presence of HEV in the German wild rabbit 

population and most probably also in wider Europe. To 

determine its current importance in the wild rabbit 

population, a well-structured wildlife surveillance program 

would be desirable in Germany and elsewhere. 
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The genus Flavivirus includes arthropod-borne viruses responsible for a large number of infections in humans and 
economically important animals. While RT-PCR protocols for specific detection of most Flavivirus species are available, there 
has been also a demand for a broad-range Flavivirus assay covering all members of the genus. It is particularly challenging to 
balance specificity at genus level with equal sensitivity towards each target species. 
In the present study, a novel assay combining a SYBR Green-based RT-qPCR with a low-density DNA microarray has been 
developed. Validation experiments confirmed that the RT-qPCR exhibited roughly equal sensitivity of detection and 
quantification for all flaviviruses tested. These PCR products are subjected to hybridization on a microarray carrying 84 
different oligonucleotide probes that represent all known Flavivirus species. This assay has been used as a screening and 
confirmation tool for Flavivirus presence in laboratory and field samples, and it performed successfully in international 
External Quality Assessment of NAT studies. Twenty-six Flavivirus strains were tested with the assay, showing equivalent or 
superior characteristics compared with the original- or even with species-specific RT-PCRs. As an example, test results on 
West Nile virus detection in a panel of 340 mosquito pool samples from Greece are presented. 

1. Introduction 
The genus Flavivirus contains nearly 70 recognized viruses, many of which infect humans and economically important 

animals [1]. Flaviviruses, such as Dengue virus (DENV) [2] and Yellow fever virus (YFV) [3], have been a common 

cause of devastating diseases in tropical and less developed countries, but in recent years the emergence of flaviviral 

zoonoses was observed worldwide. Examples include the occurrence of West Nile virus (WNV) in the United States [4], 

Japanese encephalitis virus (JEV) in Australia [5], as well as Usutu virus (USUV) [6], WNV [7] and DENV [2] in Europe. 

Recently, Zika virus (ZIKV) also expanded into Southern America, with reports of detection in Europe and USA [8].  

Large surveillance and early warning systems commonly applied in European countries and around the world could 

benefit from a more sensitive and broader range screening method. Both mosquito pools and (sentinel) birds are common 

targets of massive screening for arbovirus, particularly for flaviviruses like WNV or USUV [6, 9, 10]. Rapid virus 

identification and quantification are crucial for accurate diagnosis of ongoing infections, treatment selection and follow-

up, as well as for selection and timely introduction of control measures in outbreaks scenarios. In this context, highly 

parallel detection technologies, such as DNA microarrays, are gaining importance [11-20]. 

Like RNA viruses in general, flaviviruses are distinguished by extensive genetic heterogeneity, which implies 

classification into subunits, e.g. genotypes, lineages, etc., each with distinct epidemiological or clinical significance. This 

heterogeneity represents a major challenge in primer and probe design for PCR and DNA microarray assay development.  
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In the present study, we have optimized a pan-Flavivirus-specific SYBR Green-based real-time reverse-transcription 

polymerase chain reaction (RT-qPCR) [21]. The amplification is subsequently complemented with hybridization on a 

low-density DNA microarray, which exploits the genetic heterogeneity contained in the internal segment of the PCR 

amplicon, thus allowing rapid identification of flaviviruses from clinical or field samples. 

2. Materials and Methods 

2.1. Viral samples and RNA extraction.  

The 26 Flavivirus strains to be used as reference were collected and stored at -80 °C until processed as following:  

African green monkey kidney (Vero) cells (Collection of Cell Lines in Veterinary Medicine, Friedrich-Loeffler-

Institut, Greifswald–Insel Riems, Germany) were infected with viruses in biosafety L3** laboratory facilities, and cell 

culture supernatants were collected and inactivated in Buffer AVL (QIAGEN, Hilden, Germany) as previously described 

[22, 23]. The WNV strains lineage 1a - NY99 (ac. AF196835) and Dakar, lineage 1b - Kunjin (ac. D00246) and lineage 

2 - Uganda 1937 (ac. M12294), B956 (ac. AY532665), Sarafend (ac. AY688948) and goshawk Austria 361/10 (2009) 

(ac. HM015884) were reused from our previous works [22-24]. The strains USUV Germany 2011 (BH/65) (ac. 

HE599647), YFV 17D, JEV, TBEV Langat, Malaysia, 1956 (ac. AF253419) and Murray Valley encephalitis virus 

(MVEV) were reused from another work [25]. USUV Austria 2001 (939/01) and Germany 2011 (939/01) were taken 

from [26] and JEV Nakayama (ac. EF571853) and TBEV Neudoerfl (ac. U27495) from [27]. 

Additionally, the following strains were obtained from the Health Protection Agency, Salisbury, United Kingdom: 

WNV lineage 2, MB 1957; SLEV; YFV “French Neurotrop” and LolIl (#780). JEV Nakamura was kindly provided by 

A. Müllbacher (John Curtin School of Medical Research, Canberra, Australia).  RNA from ZIKV and DENV 1, 2, 3 and 

4 viruses was provided by P. Despres (Flavivirus Unit, Institute Pasteur, Paris, France), while F. Hufert and M. Weidmann 

(Institute for Virology, Göttingen, Germany) kindly provided the viruses TBEV Absettarov, 1951 (ac. AF091005), TBEV  

Aina, 1963 (ac. AF091006) and TBEV Hypr, 1953 (ac. U39292).  

RNA was extracted with the RNeasy Mini Kit, or the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany), 

according to the manufacturer’s protocol. A synthetic RNA was used as internal extraction control (IC) [28]. The NY99 

RNA was used to create an external calibrator curve, which in turn was calibrated using the 5’UTR WNV-specific RT-

qPCR [22]. 

2.2. Selection of primers and probes.  

Nearly 200 complete Flavivirus genome sequences were obtained from the NCBI Nucleotide database by the end of 

2010. Very similar sequences (more than 98% identity) were excluded. The sequences were aligned using CLUSTAL X 

[29] (accessed from BioEdit software v.7.0.5.3) [30] and VectorNTI Advanced v.10 (Invitrogen, Carlsbad, CA, USA). 

This alignment was manually curated using both the nucleotide and the deduced amino acid sequences, and extended by 

adding partial sequences to reach a total of more than 400, so as to represent the NS5 gene of all known species, including 

most subtypes or lineages (a regularly updated version is available at Flavivirus GitHub site). 

VisualOligoDeg (https://github.com/qPCR4vir/VisualOliDeg) was used to facilitate visualization and selection of 

appropriate oligonucleotides hybridizing to sequences of a given. The NS5 regions (spanning nucleotides 9040 to 9305 

of AF196835) of the aligned sequences were imported into this workbook and were manually classified into major groups 

(MB - mosquito borne, TB - tick borne and Insect-only), virus groups (JEVG, YFVG, TBEVG, etc.), species (WNV, 

JEV, YFV, TBEV, etc.) and in some cases into lineages (like WNV-1 or WNV-2, etc.) or genotypes.  

Alongside species-specific RT-PCRs [31], broader, genus-specific RT-PCR protocols have been also reported [19, 

21, 32, 33]. A genus-specific Taq-Man RT-PCR for Flavivirus detection was modified [21], with primer sequences 

optimized using VisualOligoDeg. It targets conserved flanking regions with an internal region with sufficient variability 

to enable virus identification by sequencing the amplicon. The original sequences were adapted to consistently amplify 

most of the Flavivirus members resulting in degenerate primers PFlav-fAAR (TACAACATGATGGGAAAGAGA-

GAGAARAA from 9040 to 9068 of AF196835) and PFlav-rKR (GTGTCCCAKCCRGCTGTGTCATC from position 

9305 to 9283 of AF196835).  

A total of 50 probes with a Tm around 55 °C were selected. A second set of sequences was also selected as a 

replacement, in case of failure of first-set sequences. The candidate sequences were submitted to the manufacturer for a 

https://github.com/qPCR4vir/Flavivirus
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final in silico evaluation of properties (homogenous hybridization, discriminatory potential, etc.). As a result, all 84 

sequences were found suitable for inclusion in the production of the microarray (TABLE S01). 

2.3 Detection and quantification using RT-qPCR. 

A one-step SYBRGreen-based RT-qPCR with melting curve analysis was developed. The QuantiTect SYBR® Green 

RT-PCR Kit (QIAGEN, Hilden, Germany) was used following the manufacturer’s instructions. Briefly, each primer 

(PFlav-fAAR and PFlav-rKR) was 5’-biotinylated during the initial synthesis (Eurofins Genomics, Ebersberg, Germany), 

and used at a final concentration of 0.8 µM, in a final reaction volume of 25 µL, including 5 µL of RNA sample solution. 

Real-time RT-qPCR was carried out on a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, USA). 

The thermal cycling profiles are presented in TABLE 1. Species-specific RT-qPCR were also used to determine the 

sensitivity of the Flavivirus RT-qPCR. Reference RNA samples included WNV [22], USUV [26, 34] and TBEV [35]. In 

order to have comparable Cq values across experiments, when possible, we set a separate fluorescence cut-off value for 

each target (PCR primer mix) in each 96-well plate run, such that Cq ≈ 28 for the control RNA WNV NY99 diluted 10-4. 

This control was previously calibrated using a synthetic RNA [22]. In order to perform Flavivirus quantification, an 

external standard curve consisting of four dilutions of RNA WNV NY99: 10-2, 10-3, 10-4 and 10-5 was included in each 

run. These were equivalent to 4×104, 4×103, 4×102 and 40 genome copies/µL of RNA solution or to 1.4×107, 1.4×106, 

1.4×105, and 1.4×104 copies per mL of homogenized sample, respectively. To analyze the Flavivirus SYBR Green RT-

PCR, the fluorescence was measured at step 6 of the standard protocol (TABLE 1). Similarly, for species-specific RT-

qPCR, fluorescence measurement was conducted at step 4. 

TABLE 1: Thermal cycling profiles used in the Flavivirus RT-qPCR. 

Standard (4.5 h, 25 µL) Fast (2.5 h, 25 µL  or 10 µL) 

1. 50 °C for 30 min 

2.  95 °C for 15 min 

3.  95 °C for 15 s 

4.  55 °C for 25 s     + Plate Read 

5.  72 °C for 25 s     + Plate Read 

6.  80 °C for   1 s     + Plate Read 

7. GOTO 3; 44 more times 

8.  95 °C for 1 min 

9.  Melting Curve 68 to 88 °C,  
        increment 0.1 °C, 1 s + Plate Read 

10.  4 °C Forever (optional) 
      END 

1.  50 °C for 30 min 

2.  95 °C for 15 min 

3.  95 °C for 15 s 

4.  55 °C for 20 s      
5.  72 °C for 20 s     + Plate Read 

6.  GOTO 3; 44 more times 

7.  95 °C for 1 min 

8.  Melting Curve 68 to 86 °C,  
        increment 0.2 °C, 1 s + Plate Read 

      END 
 
 

2.4. Sequence analysis. 

Twenty µL of non-purified PCR product were sent to Eurofins Genomics (Ebersberg, Germany) for direct DNA 

sequencing by the Sanger dideoxy method, using the amplification primers. A BLAST (NCBI) search of the obtained 

sequences was usually sufficient to identify the virus strain. The (internal) amplicon of approximately 240 nt contains 

sufficient phylogenetic information to re-construct phylogenetic trees, and allows classification of more distantly related 

and unknown strains and even new species. 

2.5 Microarray analysis.  

Flavivirus-specific oligonucleotide probes selected using the VisualOligoDeg were spotted onto a low-density 

microarray of the commercially available ArrayStrip™ (AS) platform (Alere Technologies GmbH, Jena, Germany). The 

84 probes (spots 1-84 in S01 File) were spotted either in triplicate (Chip Wildtech Virology-Mycob 01, from 2011-01-

13, assay ID-10610) [36] or in quintuplicate (Chip Wildtech Virology 02, from 2012-09-10, assay ID-16050). The Alere 

Hybridization Kit was used following previously published instructions [37, 38]. Briefly, only positive RT-PCR reactions 

were routinely analyzed, from which 1 µL was directly denatured in 100 µL of the hybridization buffer at 95 °C for 5 min 

and them placed for cooling at 4 °C for 5 min in a thermocycler (Bio-Rad Laboratories). This solution was transferred to 

the AS vessel (previously conditioned with water and hybridization buffer) and incubated at 55 °C for 1 h upon shaking 

at 550 rpm on a BioShake iQ heatable shaker (Quantifoil Instruments, Jena, Germany). The AS vessel was subsequently 

washed twice at 50 °C for 10 min, incubated with 100 µL of a peroxidase conjugate solution at 30 °C for 10 min, washed 
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and incubated at room temperature with 100 µL of the substrate solution (Seramun Grün; Seramun Diagnostica GmbH, 

Heidesee, Germany) for 5 min. Images of processed microarrays were saved in bitmap (.bmp) format, using the 

ArrayMate transmission Reader (Alere Technologies GmbH). 

2.6. Microarray data processing and Flavivirus identification. 

The web-based database Pionir – The ExperimentNavigator of PARTISAN ArrayLIMS (Alere Technologies GmbH) 

was used for visualization and analysis of images and complete experiments, as well as for additional backup. Alongside, 

the Partisan IconoClust® v3.6r0 software (Alere Technologies GmbH) was used for local analysis of microarray images, 

generating for each spot of each picture the background-corrected signal intensities NI= 1-M/BG, with NI being 

normalized intensity, M average (mean) spot intensity, and BG local background intensity. Spot intensities are measured 

as light transmission, with M values ranging from 1 for complete transmission (background, weak spots) to 0 for complete 

absorption (dark spots). Thus, normalized signal intensities range between 0 and 1. Previous evaluation of the signal to 

background ratio (SBR) in assays using the same technology have set the cut-off value for positive signals to 0.1 [37]. A 

custom python script was embedded in this software to enable visualization of individual hybridizations or batch analysis 

of series of experiments. This script exports experimental data in different formats, including a format suitable for import 

into Orange – software, which allows visual programming and python scripting for data mining and visualization 

(v2.7.6.dev – installed 2014-06-06 from http://orange.biolab.si).  

Using Orange, the visual program PanFlavExpStdSampl (FIGURE S01) was created, which, together with custom 

modifications of some parts of Orange itself, permits an interactive import of the experiments used as standards (known 

samples) for parallel analysis with unknown samples for classification. This program calculates the distances between 

pairs of signal intensity patterns (two microarray experiments), which can serve as a measure of similarity between 

samples. Several distance formulas are available interactively from Orange and their meaning is explained elsewhere 

[39]. These distances are visualized in one of the widgets as a heat map-like graphics (FIGURE 5 in Results), in which 

the labels and the order of the samples can be interactively selected from a group of pre-options. We have added (directly 

modifying the source code of Orange) the option to reorganize the heat map showing the selected sample at the top 

followed by the most similar samples by mouse clicking the respective cell. This graphic can also show the samples 

organized in a tree to reveal clustering. Another Orange widget uses the distances to construct a tree (FIGURE 4 in 

Results), in which a cut-off can be interactively selected and/or groups defined to make a report of the proposed 

classification. 

2.7. Field samples. 

After development, initial evaluation and optimization, the new assay was further evaluated by testing RNA extracts 

from mosquito pools from Greece. Mosquito trapping was performed within the framework of a surveillance program, 

which was implemented in the region of Central Macedonia during the 2012 arbovirus transmission period. The aims of 

this program were to molecularly characterize WNV and assess population dynamics of the major arbovirus vector 

species, to timely notify public health authorities on increased risk [40]. Female adult mosquitoes were collected at dry 

ice-baited CDC mosquito traps, which were set in areas with previous indications of high arbovirus prevalence [40].  

Identified mosquitoes (50 individuals of the same genus) were placed in 2 mL microcentrifuge tubes with two 4 mm 

sterile glass balls and 1 mL of phosphate-buffered saline (PBS) containing 1% of heat-inactivated fetal bovine serum 

(FBS; Sigma-Aldrich, Steinheim, Germany). Disruption was performed for 30 s at speed 4.0 using a RiboLyser 

homogenizer (Hybaid, Ltd., Teddington, UK). The homogenates were centrifuged (16,000 × g, 5 min at 4 ○C), and 150 

μL of supernatant from each mosquito pool underwent RNA isolation, based on the previously described RNA extraction-

method.  

In total, 340 mosquito pools were tested with the Flavivirus RT-qPCR protocol. Out of them, 180 pools were 

represented by Culex mosquitoes, 75 were comprised by Aedes and 85 by Anopheles mosquitoes.  

3. Results 

Following preliminary observations that the sensitivity and efficiency of amplification with the primers from reference 

[21] were not homogeneous for different flaviviruses, we decided to design a modified set of degenerate primers. Using 

VisualOligoDeg we selected primers for a modified RT-qPCR for Flavivirus detection and quantification. In the initial 

https://github.com/qPCR4vir/Flavivirus/blob/master/microarray/icono_clust_scripts/OnlyMeanSignal.icrun
http://orange.biolab.si/
https://github.com/qPCR4vir/Flavivirus/tree/master/microarray/orange
https://github.com/qPCR4vir/orange/commit/84f0a20e58b40b238f52319f2017ae77df0dbf72
https://github.com/qPCR4vir/orange/commit/21c3996c1712baf8819e2050e7dccc31593cf2a0
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experiments, we compared the new procedure with published RT-qPCRs using reference viruses. All 26 Flavivirus 

reference strains described in 2.1 were tested (FIGURE 1).  

The optimized Flavivirus RT-qPCR was also compared in terms of detection limit with species-specific RT-qPCRs 

for WNV, USUV and TBEV by testing fresh RNA solutions (from supernatants of infected cells) in a series of end-point 

dilution experiments (FIGURE S02, S03). 

 

FIGURE 1:  Cq values for 26 viruses. Comparison of Cq values obtained for different viruses using the protocol of Chao et al.[21] 

(blue line) with those of our own procedure (red line). The same virus RNA preparation was tested in the same PCR plate with 

both RT-qPCR protocols. The order of viruses from left to right is according to increasing Cq difference. 

Subsequently, we conducted melting curve analysis, which can provide useful information to determine positivity and 

sequence differences (as shown in FIGURE 2), but which has limited value for identification. A well-defined peak 

between 79 and 84 °C is a strong indication of positivity, and differences in Tm indicate sequence differences, possibly 

representing different species or lineages. The results from end-point dilution experiments and the calculations using the 

externally calibrated standard curve suggest that, for most members of Flavivirus genus, this RT-qPCR assay is highly 

sensitive, capable of detecting a few viral RNA copies per reaction. However, this also means that cross-sample 

contamination and DNA carryover are a major concern. Therefore, it is crucial to organize the laboratory work 

accordingly and include sufficient controls to validate the results of each experiment. 

To evaluate the accuracy and performance of the developed RT-qPCR assay, we successfully participated in five 

international ring trials for quality assessment of nucleic acid amplification tests, i.e. ANSES 2013 (melting curves of the 

samples shown in FIGURE 2), Quality Control for Molecular Diagnostics or QCMD-2010QCMD-2011 [41], QCMD-

2012, and QCMD-2013 (results summarized in TABLE S02) (http://www.qcmd.org/ ). These results complemented the 

information obtained from WNV-specific RT-qPCRs. Both WNV and non-WNV Flavivirus strains were quantified using 

the Flavivirus RT-qPCR with the WNV calibration curve, and were subsequently identified by microarray analysis.  
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FIGURE 2: Melting curves from different flaviviruses. Melting curve analysis of the amplicons from different flaviviruses (samples 

from the ANSES WNV Proficiency Test 2013). NY99, It08 and Is985 are WNV lineage 1a strains, while Aus08 is a lineage 2 

strain. The viruses were identified using the microarray, with confirmation by DNA sequencing.  

The combined RT-qPCR/microarray procedure was applied on the 26 reference virus strains and RT-qPCR positive 

field samples of diverse origin, in more than 300 hybridization experiments. Each analyzed reference virus produced a 

specific hybridization pattern that allowed discrimination. Most flaviviruses could be identified at the level of species, 

genotype or even strain, following comparison of their hybridization patterns with those of reference samples. A 

compilation of four Flavivirus isolates each examined at two different RNA dilutions is shown in FIGURE 3. This figure 

reveals an important distinction of this microarray platform from well-known glass-slide arrays used for gene expression 

studies, meaning that the developed microarray is optimized to detect genetic (sequence) variations, rather than the 

concentration or relative quantity of amplicons. Thus, the present microarray signal intensity values are used solely for 

identification or classification, while quantification is performed in the preceding RT-qPCR step. As shown in FIGURE 

3, the hybridization patterns are not significantly affected by quantitative variations in the viral load of the sample, but 

qualitative changes are readily visible when different strains of the same virus species are examined. 
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FIGURE 3:  Hybridization patterns for different dilutions of viral samples. (cell culture supernatants)  (A) West Nile virus lineage 

1a, strain NY99 (WNV.1a.NY) - red bars: sample diluted 10-1 and blue bars: diluted 10-4; (B) West Nile virus lineage 2, strain 

Uganda 1937 (WNV.2.Ug) -  red bars: 10-1 and blue bars: 10-4; (C) Murray Valley encephalitis virus (MVEV) - red bars: 10-1 and 

blue bars: 10-3; (D) Tick-borne encephalitis virus, strain Langaat (TBLang) - red bars: 10-1 and blue bars: 10-3. These data show 

that hybridization patterns are very sensitive to variation in the viral sequence, while remaining stable in a broad concentration 

range of viral RNA. 
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FIGURE 4: Cluster analysis of tested samples. Output of the tree widget in Orange software. A cluster analysis was conducted using 

the distances between the hybridization patterns of experimentally tested samples. This is the preferred method to visualize the 

identification of viruses in samples that contain only one Flavivirus. 

In some cases, virus identification is already possible by visually comparing the signal patterns of the bar diagrams 

(e.g. in FIGURE 3). However, given the complexity of the signals, it was necessary to include a computer-based solution 

for data processing. Orange was used to create a visual program (FIGURE S01) to import the raw data from the Icono 

Clust software, to define a set of experimental standards and identify viral samples by clustering (FIGURE 4). The 

procedure also permits visualization of mixed of Flavivirus infections in heat-map-like graphics (FIGURE 5). This 

capability represents another major advantage of the microarray compared to direct sequencing. Mixes of RNA from 
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closely related Flavivirus strains were tested to explore the possibility of detection of co-infections in a given sample, or 

detection of the presence of more than one virus in tested pools. We have selected USUV and WNV-1a and WNV-2 

(NY99 and Ug37) viruses to show that it is possible to unambiguously detect each component in a mix even of related 

viruses, such as lineages 1 and 2 of the WNV (FIGURE 5 b and c). 

 

FIGURE 5: Presentation of experimental results processed by the Orange’s heat-map-like widget showing an all vs. all sample 

comparison. Calculated distances between intensity patterns of each pair of microarray results obtained from hybridization of 

sample amplicons are shown, with each cell representing the comparison of two microarray experiments. The dissimilarity color 

scale is shown at the top. Columns and rows are organized in the same order, making the diagonal an “identity” sample comparison. 

When one sample is selected by mouse-clicking, the map is immediately reorganized to show this sample in the upper row and left 

column followed by the most similar samples. (a) The selection of the “JEV.Nakayama.x10x-4.x273C01” sample reveals a good 

separation of JEV samples from all other viral species. (b) The same heap-map after selecting a sample containing a mix of diluted 

USUV and WNV1a RNA, which is easily recognized by a framed mosaic-like map. (c) A more complex mix, including USUV, 

WNV1 and WNV-2 RNA, was selected showing a more complex pattern that still permits the identification of the components 

(which can be additionally confirmed by the successive selection of each of the three standard WNV-1, WNV-2 and USUV to 

check that this mix clusters together with each of them).  

The Flavivirus RT-qPCR screening was conducted on the 340 mosquito pools from Greece. PCR products of 13 

mosquito pools (including all positive specimens, as well as six RT-qPCR-negative pools) underwent microarray analysis 

(TABLE 2), which revealed the presence of WNV lineage 2 sequences similar to the Austria strain in five of them 
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(MPGr.01-MPGr.05, for ~1.5% of the total number of pools tested). Culex mosquitoes comprised all five WNV-positive 

pools. One pool yielded a strong positive result (Cq – 21.5), two were of mediums (Cq – 31.6 and 32.5) and two of weak 

concentrations (Cq – 37.3 and 38.5). Sequencing of these five amplicons revealed identity to WNV isolates goshawk-

Hungary/04 DQ116961, Nea Santa-Greece-2010 HQ537483[42] and Italy 2013 KF647248 in four cases, while the fifth 

(the one with the highest Cq value) was not sequenceable.  

TABLE 2:  Screening of mosquito pools collected in Greece.  Review of the screening of the 340 mosquito pools (50 mosquitoes 

each) collected in Greece. All RT-qPCR positive and 6 RT-qPCR negatives pools were tested further by microarray and direct 

sequencing. All other pools tested showed a Cq > 38 and Tm < 78 °C.   

Mosquito pool Cq Tm (°C)  Microarray DNA sequencing result 

MPGr.01 37.3 81.4 WNV.2 Austria Nea Santa-Greece-2010 HQ537483 

MPGr.02 31.6 81.6 WNV.2 Austria Nea Santa-Greece-2010 HQ537483 

MPGr.03 21.5 81.7 WNV.2 Austria Nea Santa-Greece-2010 HQ537483 

MPGr.04 32.5 81.9 WNV.2 Austria Nea Santa-Greece-2010 (with 1 mutation) 
MPGr.05 38.5 81.6 WNV.2 Austria Negative 

MPGr.06 35.6 80,4 ? Marisma mosquito virus (93% identity) 

MPGr.07 39.6 81.0 Culex Flav New Mosq Culex Flavivirus (78% identity) 

MPGr.08 39.8 79.4 Negative Negative 
MPGr.09 41.4 83.0 Negative Negative 

MPGr.10 38.6 81.2 Negative Negative (residual sequence: Salmonella sp.) 
MPGr.11 40.1 82.4 Negative Negative 
MPGr.12 40.6 79.2 Negative Negative 

MPGr.13 39.6 80.7 Negative Negative (residual sequence: Pseudomonas sp.) 

The microarray also detected weak signals of insect-specific flaviviruses (ISFVs) in two of the pools tested. DNA 

sequencing revealed the presence of sequences with similarities to the isolate HU4528/07 of Marisma mosquito virus 

(JN603190, 93% nucleotide identity) in one Aedes sp. pool (MPGr.06). Additionally, a presumably new mosquito 

Flavivirus (with only 78% identity with GQ165809, the Nakiwogo virus strain from Uganda) was also detected in an 

Anopheles sp. pool (MPGr.07). Flavivirus RT-qPCR/microarray screening of the present panel was completed in less 

than three working days.  

Additionally, other specimens were analyzed, including organs (such as brain, heart, liver, lung, kidney, spleen) and 

blood from falcons [24], pheasants, blackbird, great grey owl, common kingfisher, and nearly 70 other avian species [6], 

as well as from mice, camels, horses, donkeys, cattle, humans, mosquitoes, and ticks. Only horse samples have caused 

artifacts in the RT-qPCR, showing low non-specific signals (Cq > 33), thus effectively lowering the detection limit of 

RT-qPCR alone in horse samples to over 50 copies per reaction (data not shown). 

4. Discussion  

By designing the present combined RT-qPCR/microarray assay for detection, quantification and identification of 

flaviviruses, a number of methodological problems have been solved. Using VisualOligoDeg, we selected primers and 

probes for the newly developed assay. The ability of a relatively accurate quantification during the RT-qPCR phase of 

the assay is one of its major advantages. Technically, the combined RT-qPCR/microarray assay is easy to handle, as only 

standard experience with real-time PCR and ELISA-like tests is required. We regularly achieved complete testing of 

samples in one working day, from RNA extraction to final visualization of the tree and interactive heat-map-like graphics.  

The present assay permits classification and/or identification up to the (sub-) lineage level, avoiding in most cases the 

need for sequencing. It has been shown to be as sensitive as species-specific RT-qPCRs, and suitable for broad-range 

Flavivirus screening, as well as a confirmatory assay in both laboratory and field samples. The present study has also 

demonstrated that the assay can be efficiently used in arbovirus surveillance programs, for rapid screening and 

discrimination of flaviviruses e.g. in mosquito or animal specimens. In areas where numerous arbovirus strains of different 

virulence co-circulate, such as in Greece and other European countries, molecular identification of the circulating viruses 

is a necessity [10]. Especially for flaviviral zoonoses, phylogeography and identification of virulent strains are of utmost 

importance. The assay is also capable of detecting insect-specific flaviviruses. A report on the presence of ISFVs in Culex 

mosquitoes of Central Macedonia-Greece already exists [43]. Application of RT-qPCR/microarray testing revealed the 

presence of a virus strain with sequence similarities to Marisma mosquito virus, as well as a presumably novel mosquito 
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Flavivirus sequence, in the same area of Greece. The detection of these ISFVs via the combined RT-qPCR/microarray 

protocol extends our knowledge on the presence of mosquito flaviviruses in Greece. The broad range of flaviviruses that 

are being tested simultaneously in this assay, in combination with its convenience and the minimum time required for 

obtaining the results, make it a useful tool that potentially can be applied widely for surveillance and epidemiological 

surveys. 

While our assay has been proven to be suitable for diagnostic and research laboratories, it represents an open system 

that can be further improved. In case of newly emerging pathogenic and genetically distinct strains, primer sequences 

could be further optimized using newly available genome sequences and/or improving probes of those species that were 

not in the focus of the present study (possibly DENV 4). The number of probes on the microarray is currently at 84, but 

could be increased to 500, using the present technology. Since we rely on the specifications of the commercial 

hybridization kit we do not performed extensive optimization of the incubation times and temperature, and will evaluate 

the possibility of using future versions of that kit [44].  A limitation of the present assay is the requirement of experimental 

hybridizations of known samples, which does not allow direct classification of unknowns. Nevertheless, the methodology 

is robust enough to allow the use of theoretical hybridization patterns, or those obtained in other laboratories, which could 

be a solution when a particular virus reference is not available. It should be emphasized that the tree constructed by the 

Orange tree widget using the distances between hybridization patterns is not a phylogenetic tree. The graphics just help 

to group samples according to sequence-based relatedness, and thereby facilitates their identification. The Orange 

software also provides possibilities for classification using machine-learning methods, which have yet to be explored, but 

they have the potential to significantly improve the accuracy of the final report.  

Compared to the diagnostic assays for Flavivirus detection published so far, our procedure is distinguished by its high 

degree of parallelity in detection of a wide range of virus species, strains and their variations, which cannot be achieved 

through “one-dimensional” RT-PCR assays [21, 32, 45]. Previously published microarray or diagnostic chip approaches 

[20] lack the ease of operation of the ArrayStrip platform used here and cover only part of the range of viruses that we 

can identify [12, 14, 19, 46].  

5. Conclusion  

We have developed a combined RT-qPCR-microarray assay for high-throughput screening and identification of 

flaviviruses, including mixed infections of different species or strains. Our experience in analyzing field samples (from 

ticks and mosquito vectors, and from human and animal samples of different sources), shows that the assay allows rapid 

and highly sensitive screening and identification of Flavivirus strains within one day. The assay has helped to overcome 

limitations in virological diagnosis due to lack of specificity or sensitivity in conventional and real-time RT-PCR 

protocols. Even if direct sequencing is used as genotyping tool, the developed microarray can be a used as a rapid 

complementary test to detect mixtures of different Flavivirus strains. The good performance of the assay was also 

confirmed, by correctly quantifying and identifying members of the Flavivirus genus in samples from international ring 

trials for quality assessment of nucleic acid amplification tests. 
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TABLE S01: Flavivirus-specific oligonucleotide probes, including spot number, position, probe name and probe sequence. 
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# array: Chip_Wildtech-Virology_Mycob-01_130111  (id=216) substance_class: DNA oligonucleotide (id=140) for probe job: all probe jobs 
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1 0 0 7740 JE.j.34 TGAGCCGAGAGAATTCAGGAGGTGG 

2 .05 0 7741 SLEV.ja.50 GGAGAATTTGGGAAGGCTAAAGGAAGCA 

3 .1 0 7742 WNV.2.w2.13 GACCACTGGCTGGGTAGGAAGAACT 

4 .15 0 7743 YFV.1.ja.67 TCAGAGTTTGGGAAAGCAAAGGGAAGC 

5 .2 0 7744 JE.2.j.38 TCAGGAGGTGGGGTGGAAGGTTCA 

6 .25 0 7745 MVEV.JEVG.MV.ja.48 GGAGAATTTGGAAAGGCCAAGGGAAG 

7 .3 0 7746 WNV.1a.f.11 TGGTTCATGTGGCTCGGAGCTCG 

8 .35 0 7747 TBV.f.58 ACATGTGGCTGGGGAGCCGCTT 

9 .4 0 7725 Deng.4.f3.18 CCAAGGGAAGCCGAGCAATCTGGTA 

10 .45 0 7726 JEVG.MV.f.47 GGAAGCAGAGCCATCTGGTACATGTG 

11 .5 0 7727 WNV.f.1 GCCATTTGGTTCATGTGGCTCGG 

12 .55 0 7728 RioBrVG.0.ja.85 TGCCAAGGGTAGCCGTACCATATGGTA 

13 .6 0 7729 UsutuV.j.55 CTTTCTGAATGAGGACCATTGGTTAGGAAG 

14 .65 0 7730 TBVG.f.76 AGCCGTGCCATCTGGTACATGTGGTT 

15 .7 0 7731 f.87 GCCATCTGGTACATGTGGCTGGG 

16 .75 0 7732 Deng.1.f3.29 GCAAAAGGAAGTCGTGCAATATGGTACATG 

17 .8 0 7733 Deng.3.f.32 ATATGGTACATGTGGTTGGGAGCCAGG 

18 .85 0 7734 JEVG.Nt.ja.53 GAATTTGGAAAAGCAAAAGGAAGCAGGGC 

19 .9 0 7735 PowVG.f.81 AGCAGGGCCATCTGGTACATGTGG 
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20 .95 0 7736 f.97 GGGCCATCTGGTACATGTGGCTTGG 

21 1 0 7737 f.96 GGGCCATCTGGTTCATGTGGCTTGG 

22 0 .05 7738 f.95 GGGCCATCTGGTTCATGTGGCTGGG 

23 .05 .05 7739 f.94 GAGCCATCTGGTTCATGTGGCTGGG 

24 .1 .05 7710 Deng.2.w2.31 GGAGTGGAAGGAGAAGGGCTGC 

25 .15 .05 7711 JEVG.Ig.f.39 ATCTGGTACATGTGGCTGGGGGC 

26 .2 .05 7712 WNV.1b.f.10 GCAGGGCCATCTGGTTTATGTGGCT 

27 .25 .05 7713 YFV.3.f.68-67 ATCTGGTACATGTGGCTGGGGGC 

28 .3 .05 7714 TBV.f.57 ATGTGGCTGGGGAGCCGCTT 

29 .35 .05 7715 YFVG.ja.63-61 GAAACCATCTGAATTTGGGAAAGCCAAAGG 

30 .4 .05 7716 WNV.f.9 GCAGAGCCATTTGGTTCATGTGGCT 

31 .45 .05 7717 f.98 GAGCCATCTGGTTCATGTGGCTTGG 

32 .5 .05 7718 f.92 GGGCCATCTGGTACATGTGGCTGGG 

33 .55 .05 7719 YFVG.f2.62-61 TTTCTGGAGTTTGAGGCACTGGG 

34 .6 .05 7720 MosqFlav.3.f.71-70 TCCAGAACGATATGGTATATGTGGCTAGG 

35 .65 .05 7721 Tyuleniy.f.83 CCATTTGGTACATGTGGCTGGGCAG 

36 .7 .05 7722 Meaban.ja.83 GGAGAGTTTGGCAAGGCAAAAGGAAG 

37 .75 .05 7723 Edge_Hill.YFVG.j.60 GTTTGGGAGAGAGAACTCATTGGCTGG 

38 .8 .05 7724 NoVertHost.f.69 GAACTATCTGGTACATGTGGCTCGGAAG 

39 .85 .05 7692 TBVG.f2.77 CTGGAATTTGAGGCACTGGGTTTCCTC 

40 .9 .05 7693 WNV.2.f2.12 TTCCTGGAGTTTGAAGCTCTCGGATT 

41 .95 .05 7694 YFVG.f.61 GCCATCTGGTACATGTGGCTAGGAGC 

42 1 .05 7695 TBV.f.56 TGGTACATGTGGCTGGGGAGCCG 

43 0 .1 7696 WNV.1a.f.7 GAGCCATTTGGTTCATGTGGCTCGG 

44 .05 .1 7697 RioBrVG.f.75-75 GGACCATCTGGTACATGTGGCTGGG 

45 .1 .1 7698 TBVG.f.79-77 AAGGGCAGCAGGGCCATCTGG 

46 .15 .1 7699 JEVG.Zi.f.46-45 GCCATCTGGTTCATGTGGTTAGGGGC 

47 .2 .1 7700 SLEV.jj.52 GGATACATCCTGCAAGAAATCTCCCAAAT 

48 .25 .1 7701 JEVG.Ig-aroa.ja.41 GGAGAGTTTGGAAAAGCGAAAGGAAGCC 

49 .3 .1 7702 aroa.JEVG.Ig.f.44-39 ATATGGTACATGTGGCTAGGCGCAC 

50 .35 .1 7703 JEVG.Ig.f.42 TGGTACATGTGGCTGGGGGC 

51 .4 .1 7704 f.86 GAGCCATCTGGTACATGTGGCTGGG 

52 .45 .1 7705 RioBrVG.1.f2.84 TAGAATTTGAAAGCTTTGGCTTTCTGAA 

53 .5 .1 7706 TBVG.f.80-77 CAGGGCCATCTGGTACATGTGGCT 

54 .55 .1 7707 TBVG.f2.78 GAATTTGAGGCACTGGGTTTCCTCAATGA 

55 .6 .1 7708 JEVG.Zi.f.45 GAGCCATCTGGTACATGTGGCTGGG 

56 .65 .1 7709 NoVertHost.0.f.73 GGACCATCTGGTACATGTGGCTCGG 

57 .7 .1 7671 Deng.4.w2.19 TCATGGAGTGGAGTGGAAGGGGAAG 

58 .75 .1 7672 WNV.2.w2.14 GGTAGGAAGAACTCAGGAGGAGGAG 

59 .8 .1 7673 UsutuV.f.54 GCCATATGGTTCATGTGGCTAGGCG 

60 .85 .1 7674 Deng.f.17 GCCATATGGTACATGTGGCTGGGAG 

61 .9 .1 7675 SeaBTB.ja.72 GGAGAGTTTGGCAAGGCCAAAGGAAG 

62 .95 .1 7676 JE.j.33 TGGCTGAGCCGAGAGAATTCAGGAG 

63 1 .1 7677 Deng.1.f3.30 AAAGGAAGTCGTGCAATATGGTACATGTGG 

64 0 .15 7678 MVEV.JEVG.MV.j.49 ATTGGATGAGTAGAGAGAATTCAGGAGGAG 

65 .05 .15 7679 JE.jj.36 ATAGCAGGAAAGCAAGGAGGGAAAATGTA 

66 .1 .15 7680 SLEV.jj.51 AAACTCGGATACATCCTGCAAGAAATCTC 

67 .15 .15 7681 MosqFlav.f.70 TCGAGAACTATCTGGTACATGTGGTT 

68 .2 .15 7682 JEVG.Ig-aroa.ja.40 GGAGAATTTGGAAAAGCGAAAGGAAGCC 

69 .25 .15 7683 JE.jj.37 TCCGTGACATAGCAGGAAAGCAAGGAG 

70 .3 .15 7684 JE.jj.35 GGATACACCCTCCGTGACATAGCAG 

71 .35 .15 7685 YFV.f.66 CGTGCCATATGGTACATGTGGCTGG 

72 .4 .15 7686 Edge_Hill.YFVG.j.59 GACCATTGGTTTGGGAGAGAGAACTCATTG 

73 .45 .15 7687 YFV.f.65 CGTGCCATATGGTATATGTGGCTGGG 

74 .5 .15 7688 RioBrVG.ja.74 GAGAAAAGAAACCAGGTGAGTTTGGAGT 

75 .55 .15 7689 YFV.f.64 GGAAGCCGTGCCATATGGTATATGTGG 

76 .6 .15 7690 WNV.2.f.8 GCAGAGCCATCTGGTTCATGTGGCT 

77 .65 .15 7691 f.88 AGCAGGGCCATATGGTACATGTGG 

78 .7 .15 7650 f.43-16 GGAAGCAGAGCCATATGGTTCATGTGG 

79 .75 .15 7651 fw.23 TACAACATGATGGGAAAGAGAGAGAAGAA 
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80 .8 .15 7652 f.43-16-2 GGAAGCAGAGCCATATGGTTCATGTGG 

81 .85 .15 7653 f.93 GAGCCATTTGGTACATGTGGCTGGG 

82 .9 .15 7654 f.99 GAGCCATCTGGTACATGTGGCTTGG 

83 .95 .15 7655 f.90 GGGCCATATGGTACATGTGGCTGGG 

84 1 .15 7656 f.91 GAGCCATATGGTACATGTGGCTGGG 

 

TABLE S02: Quantification of flaviviruses in samples from the QCMD-2013 ring trial using the new Flavivirus RT-qPCR and a 

calibrated WNV NY99 RNA standard curve. 

Cop/mL. provided by the organizers Cq, 2013-04-29 Copies/mL Tm 

WNV-NY99 12.000.000 Cop/mL 21,05 21,34 5.100.000  ±   610.000   Cop/mL 81,9 °C 

WNV-NY99 1.200.000 Cop/mL 25,05 25,17 490.000  ±   25.000   Cop/mL 81,9 °C 

WNV-NY99 120.000 Cop/mL 29,12 29,03 47.000  ±   1.800   Cop/mL 81,8 °C 

WNV-NY99 120.000 Cop/mL 29,99 29,75 29.000  ±   3.000   Cop/mL 81,8 °C 

WNV-NY99 12.000 Cop/mL 33,51 33,46 3.400  ±   71   Cop/mL 81,9 °C 

WNV-NY99 1.200 Cop/mL 37,15 37,61 340  ±   65   Cop/mL 81,8 °C 

WNV-Heja 7.300.000 Cop/mL 21,04 20,32 7.000.000  ±   2.100.000   Cop/mL 80,9 °C 

WNV-Heja 730.000 Cop/mL 24,22 24,27 830.000  ±   18.000   Cop/mL 80,9 °C 

WNV-Ug37 110.000 Cop/mL 21,84 21,33 4.100.000  ±   860.000   Cop/mL 81,2 °C 

noWNV Flav-each 1.000.000 Cop/mL 23,55 23,54 1.300.000  ±   3.300   Cop/mL 80,2 °C 

noWNV Flav-each 1.000.000 Cop/mL 23,61 23,54 1.200.000  ±   36.000   Cop/mL 80,1 °C 

Neg-VTM 0 Cop/mL N/A N/A 

  

77,1 °C 

Our WNV RNA 
standard curve 

14.000.000 Cop/mL 19,33   82,4 °C 

1.400.000 Cop/mL 23,11   82,3 °C 

140.000 Cop/mL 28,02   82,1 °C 

14.000 Cop/mL 30,59   82,0 °C 

  0 Cop/mL N/A N/A 72,7 °C 

 

FIGURE S01: The visual program PanFlavExpStdSampl. Schematic workflow - the visual program PanFlavExpStdSampl for the 

Orange software package. The scheme permits an interactive import of  the experiments used as standards (known samples), which 

are being subsequently used to identify  new or unknown samples. 
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FIGURE S02: WNV titration. (a) WNV titration with specific RT-qPCR (Eiden, 2010). WNV.NY99 RNA new titration curve 

(right – logarithm scale).  WNV×10-7 is correctly three time positive. WNV×10-8 is once positive and once extremely low positive, 

and once negative. WNV×10-9 and WNV×10-10 are negative. (b) WNV titration with specific RT-qPCR (Eiden, 2010). 

WNV.NY99 RNA new titration curve (right – logarithm scale).  WNV×10-7 is correctly three time positive. WNV×10-8 is once 

positive and once extremely low positive, and once negative. WNV×10-9 and WNV×10-10 are negative. (c) WNV titration with 

Flavivirus RT-qPCR. WNV.NY99 RNA new titration curve (right – logarithm scale).  WNV×10-7 is correctly three time positive. 

WNV×10-8 is three-time low positive. WNV×10-9 is once extremely low positive, and once negative. WNV×10-10 are negative. See 

the corresponding melting curves in panel d. (d) WNV titration with Flavivirus RT-qPCR (melting curves). WNV.NY99 RNA 

new titration curve (right – logarithm scale).  WNV×10-7 is correctly three time positive. WNV×10-8 is three-time low positive. 

WNV×10-9 is once extremely low positive, and once negative. WNV×10-10 are negative.  

(a) 

(b) 

(c) 

(d) 
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FIGURE S03: USUV titration. (a) USUV titration with specific RT-qPCR (Cavrini, 2011). USUV RNA new titration curve (right 

– logarithm scale). USUV×10-7 is correctly twice positive. WNV×10-8 is once low positive and once extremely low positive. 

WNV×10-9 and WNV×10-10 are negative. (b) USUV titration with specific RT-qPCR (Jost, 2011). USUV RNA new titration curve 

(right – logarithm scale).  USUV×10-7 is twice positive. USUV×10-8 is once low positive and once extremely low positive. 

WNV×10-9 is once extremely low positive and once negative. USUV×10-10 are negative. (c) USUV titration with Flavivirus RT-

qPCR. USUV RNA new titration curve (right – logarithm scale).  USUV×10-6 is correctly twice positive. USUV×10-7 is once 

extremely low positive and once negative. USUV×10-8 are negative. It need more than 30 copies/reaction or 5 copies/µL to be 

detected. Both USUV specific PCR used were possibly even more sensitive (Figure S3 (a) and (b)), with Ct of 28 for the 10-5 

USUV RNA dilution, 32 for the 10-6, 35 for the 10-7 and 38-40 for the 10-8 dilution. This is more efficient, with Ct up to 8 cycles 

smaller than with the new Flavivirus PCR, which showed in this experiments Ct of 33 for the 10-5 USUV RNA dilution and 36-37 

for the 10-6 dilution. We observed using the smelt curve (Figure S3 (c)) that the sensitivity (last detected dilution) was at best 10 

times smaller (with a low signal for the 10-7 dilution), to allow maximal detection of an estimated 30 copies/reaction. (d) SLEV 

titration with Flavivirus RT-PCR. SLEV RNA new titration curve (right – logarithm scale).  SLEV×10-6 is correctly twice positive. 

SLEV×10-7 and once SLEV×10-8 are extremely low positive.  For TBEV.A and TBEV.H viruses (control RNA) the specific PCR 

got Ct of 28 and 26 while the Flavivirus PCR got 25.4 and 23.7 respectively.  

(a) 

(c) 

(b) 

(d) 
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Annex 

 
Figure 5. PanFlavExpVirtStdSampl is a modification of the Orange visual program PanFlavExpStdSampl which 
permit the import of modeled G from DNAHydrid virtual hybridizations and convert it into compatible modeled 
intensity signals. These virtual hybridization are then mixed with experimental and used as standard to classify 
unknown samples. 
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