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THE MOSQUITO HYPOTHETICALLY CONSIDERED AS AN AGENT
IN THE TRANSMISSION OF YELLOW FEVER POISON,
By Dr. CuanLes FINLAY,

Member of the Academy of Sciences of Havana, Vember of the Clinical Society of
Brussels, eto., ete.

(An vxtract from the Annals of the Royal Academy of Sciences of Havana.}
Translated 'y RupoLpPH Maras, M. D.

Mr. President and Gentlemen—Some years have now elapsed
since I had the honor to communicate 1o you in this Academy

WaKIUE LU sunouvcement noere, 1 aesire w justily, w & ovr-
tain extent, this change in my opinions, by submitting 1o the
appreciative eriticism of my distinguished colleagues a new
series of experimental studies, which I have undertaken, with
the view of ascertaining the mode by which the yellow fever
puison may be propagated.

1 must state, hbowever, that the subject of this paper has no
relation whatseever with the nature or form in which the mor-
bigenus factor in yellow fever exists; in this regard I will limit
my opinions to the following statement : that I admit the exist-
ence of & material transportable canse, which may be eitber an
amorphous virus, au animal or vegetable germ, bacterium,
ete., ete., but which consists in all casea of a tangible som..
thing, which has to be communicated from the sick to the
healthy in order that the disease may he prepagated. What
I propose studying is the medium or agent. by which the patho-
genic material of yellow fever is carried from the bodies ot the
infected to be implanted iu the bodies of the non infected.

Academy of Sciences of Havdigs1

This thesis an my work adedicated to the Memory of
the noble Cuban Doctor and Scientist Juan Carlos Finlay
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List of abbreviations and symbols

AIDS
CCHFV
CG

Cq

Ct
DNA
dsDNA
EEEV
EEV
GUI
HCV
HEV
HIV
JEV
MSA
NN

NS
PCR
gPCR
RNA
RTPCR
RTGPCR
RVFV
TBEV
UTR
VBA

VEEV
WEEV
WHO
WNV
YFV
kG

kH
kS
Tm

Ta
SYBRG

Acquired Immunodeficiency syndrome

Crimean Congo hemorrhagic fever virus

Complete genome (sequence)

cycle used for quantification in qPCR

Throughput cycle, here used as synonym of Cq

Deoxyribonucleic acid

double strand DNA

Eastern equine encephalitis virus

Equine encephalitis viruseshere: WEEV, EEEV and VEEV

Graphical user interface

Hepatitis C virus

Hepatitis E virus

Human immunodeficiency virus

Japanese encephalitis virus

Multiple sequence alignment

Nearesty SA IK62NE KSNB dzaSR (G2 NBFSNI G2 bb
hybridization

Nonstructural regiorg genome region coding for a nestructural gotein
Polymerase chain reaction

Quantitative, kinetic or real time PCR

Ribonucleic acid

Reverse transcription couplet with PCR

Reverse transcription couplet with qPCR

Rift Valley fever virus

Tickborne encephalitis virus

untranslated region

Visual Basic for applicatiogsa Microsoft programming language embedded in
MS Office.

Venezuelan equine encephalitis virus

Western equineencephalitisvirus

World Health Organization

West Nile virus

Yellow fever virus

Gibbs free energy of reaction, here of forming a double strand DNA from the
AYRAGARIZ £ &0NF yRE X {RS MY 3R GIKSEWINR2IR &Iy |k
can be used to calculate the maximum of reversible work that may be performed
by a thermodynarit system at a constant temperature and pressure.

enthalpy change

entropy change

Melting temperature ¢ at which half of the limiting DNA strand is in the
hybridized state.

Annealing temperature at which the hybridization experiment take place
SYBR Green tHye which binds dsDNA, commonly used in implementations of
gPCR with no probe.
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Summary

Humanity is constantly cdronted with the emergence and reemergence of infectious
diseases. Many of them produce large or devastating epidemicsAlRS(HIV) and Ebola.
Others have been long neglected, yet pose immediate threats to global pulgladtth as
evidences the abrupt emergence of Zika viinsSouth America and its association with
microcephaly in babiesThe examplesllustrate, that many of these diseases are provoked by
RNA viruses. One of the first seem understanding and eliminaty those threats is the
development of sensitive and rapid diagnostic methods. A general and relatively rapid method
is the directdetecton | YR SEIlF YAYlFGA2Yy 2F (KS helrathg 6,Qa 3ISy2YSd
(re)emerging RNA viruses poses a series of very gpegcifblems ér the design of such
methods. Therefore, aystematic approactvasproposedfor the design of DNAwybridization
base methodgo detect and characterizRNA viruses thawill have both ahigh sensitiity and
a specificity sufficiently broadto detect, per reaction down to a singlecopy of any of the
possible variants of the viral genome.

Following this approach series of assaysere designed, developed or adapted and put
into usefor detection and characterization of important RNA virugese of those viruses is
West Nile virus (WNV), whichiter its explosive introduction into USAecome the most
widespread flavivirus throughout the worldnd, consequently,many countries began an
intensive monitoring. While existing assay detected pradwantly the Lineage 1, inuEbpa
Lineage 2 was expectediwo newRTFgPCR for the detection dioth lineages were developed
and reportedly used by independent laboratorieBue to more than 50000 associated deaths
per year, theHepatitis E virualsorecdved an increasing attention to eluciganovel routes of
transmissionThis virus€specially genotype)das the zoonotic potential of transmission from
pigs and wild boar to humanRTFgPCR and nested gPCR for detection and cheriaetion of
this virus as well as a nthodology for subtyping ere developed and the first detected case of
sultype 3b in a Germa wild animal was documented. In additiomavelassay for flaviviruses
conformed bya RFgPCR coupled with a low density DNA microarray was deeélowhich
enabled the identification of WNV in mosquitaes from Greece. ARFgPCR suitable for
surveillance ad diagnostic of all knowmariantsof Venezuelan equine encephalitis virwas
developedtoo. A causative agent of hemorrhagic infections, thgalNvirus was detected and
characterized iranimalsamples from Mauritanialhese achievemestvere supported by the
development of software applicatiorier selection and visuidation of primers and probesdm
aligned DNA sequences and for modeling BAChybridizatios using unalignedsequences.

In conclusion general methodology for rapid develognt of sensitive diagnostic methods
based in DNAybridization technics (PCR, sequencing and microarray) was stablished and

successful applicatiorexe repoted.
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Zusammenfassung

Die Menschheit wird stdndig durch das Auftreten neuer und neuartiger
Infektionskrankheiten wie HIV (AIDS) und Ebolafieber bedroht, die groRe und verheerende
Epidemien auslésen. Andeveurden langevernachlassigt, doch stellen sééne unmittelbare
Bedrohungfirr die offentliche Gasndheitweltweit dar, wiesie durch das Auftretedes Zika
Virus in Stiidamerika und seine Assoziation Neugeborenemit Mikrozephalie kelegtwurde.

Viele dieser Krankheitemwerden durch RNAViren verursach. Daher ist eirerger Schrittzur
Beseitigung solcher Bedrohungen die Entwicklung von sensitiven und schnellen diagnostischen
Methoden, wobei in der Regel ein Teil des Genoms direkt detektiert wadiecDEigenschaften

der RNAViren fir das DesigentsprechendemMethodensehr spezifischen Problendarstellen,

wurde ein systematischeAnsatz mit DNAdybridisierungsasierten Methoden gewahlt, mit
demhochsensitiv alle Varianten des viralen Gesaetektieren werden kénnen.

Anhand dieses Ansatzesirden Assays entwickelt oder angepasst und fur den Nachweis
und die Charakterisierung wichtiger RINken eingesetzt. Im Rahmen der Arbeit wurde eine
RTgPCR zum Nachweis des WH8tVirus (WNV) und seiner Linien 1 und 2 entwickelt. WNV ist
weltweit verbreitet und kann beim Menschen zu schweren neurologischen Erkrankungen
fuhren. Daneben wurden RJPCR Assays zur Diagnostik von Hepd&itigen (HEV) und aller
Varianten der Venezolanische Pferlazephalomyelitis (VEEV) entwickelt. Das HEV ist, mit
weltweit mehr als 50000 Todesfallen im Jahr, der haufigste Erreger akuter Leberentziindungen.
Das Virus, inshesondere der Genotyp 3, kommt auch in Deutschland vor, wobei als Hauptwirte
Haus und Wildschweine angesehen werdeDe Subtypisierung der HEV GenotypemwGrde
aktualisiert und erstmals der Subtyp 3b in einem WildiieEuropa dokumentiert. VE& eine
todlich verlaufende Viruskrankheit der Pferde, die auch auf den Menschen Ubertragen werden
kann. Das Virus wird ebenfalls ber Stechmiicken Ubertragen und kbmlang in Sidamerika
vor. Zudem konnte mit Hilfe einer RIPCR erstmals das Ngarivirus, ein hamorrhagisches
Orthobunyavirus, in Ziegen in Mauretanien detektiert und charakterisiert werden. Schlief3lich
wurde ein RIGPCR Assay entwickelt, degekoppelt nit einem DNAMicroarray - Flaviviren
spezifisch detektieren und erkennen kann. Mittels diese Assays konnten in Stechmickenproben
aus Griechenland WNV der Linie 2 detektiert werden. Diese Ergebnisse wurden durch die
Entwicklung von zwei SoftwaiBools untestitzt: Eines fir Visualisierung von DNA
Sequenzalignments zur Selektion von Primern und Sonden und eines fir die thermodynamische
Modellierung von DNAdybridisierungen wobei keine Sequenzalignments notwendig sind

Zusammenfassend konnte mit Hilfe dieserethbdik eine schnelle Entwicklung von
sensitiven diagnostischen Methoden, die auf DiNybridisierungstechniken (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 todemonstrate the need, convenience araffordability of
construcing a systematic approach for the design of Dhridizationbasedl methods of
detection and characterization of viruses that are both higiensitive and sufficiently bad-
specific to detect per reactionrainimal number otopies 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 commonconstrainwasthat in spite of the possible high number of known
viral genomes sequences (typicallith thousands ofequencs indata banks) the information
may appearsncompletedue tobiasesregarding genomic variants (genotypes, subtypes or even
spedes)and the completeness of most sequenc&his concerns in particular the high number

of short partial sequences from different, generally rorerlapping regions.

The objectives comprise the following tasks:

A the establishment of guantitative realtime reverse transcriptase PCR {PICR)
assay for theletection of West Nile virud{NV) lineages 1 and 2 (Publication 1).

A the establishment of a RGQPCR for detection of all knowfenezuelan equine
encephalitis virus (VEEV) variants (Publication 2).

A the establishment of a RGPCR for detection and characterizatiorHafpatitis E
virus (HEWyith arevision d the subtype scheme of thgenotype3 (Publicatiord).

A the establishment of a RGPCR coupled with a low density DNA microarray for
detection and idatification offlaviviruseqPublication 6)

A the screening of field samples: tletectionof Ngari virus in Mauritania
(Publication 3)HEV in German wild animd@Rublications 4 and Bnd WNV in
Greeceg(Publicationb).

A the development of softwaréoolsfor: 1)selection and visuedation of primers and
probes fom aligned partial DNA sequencey simple modeling of DNA
hybridization using unaligned DNA sequences and 3) automation of RNA extraction.

viii



Noteson the conventions used in structuring aondhatting:

Thisthesis is presented as a collection of published pd@dapter 2to Chapter J which show all
the details of the methods and resultpreceded by @ introduction (Chapter ) which expose the
achievemenbf the unifyinggoal, andorovide a broad abstract with some more context added.

Most of the complementary data and software can be accededirenthrough the portal of the
I dzii K 2 NI ahtt:onydrav. @itiué. s/ but some complementary tables and figures adslitionally
includedherewithin the corresponding paper.

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

¢KS FAYLIf @SNERA2Y 2F (GKS Lzt AOFGA2yazr 2N 27
Microsoft Word, and manually edited to eliminate minor formatting differences with the PDF version.
Still, some miior differences are present.

ThelCTV's recommendatidor how to write a virus nameasfollowedthrough the abstracfwhich
may introduces some nuances when the name ofaswoincide with the name of the species or genus)


http://qpcr4vir.github.io/
https://talk.ictvonline.org/files/ictv_documents/m/gen_info/7004
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Chapter 1.! AOOOAAO
1.1. (Re)-emerging diseases

Naturally, infection diseases may cause sporadic appearance of epidemics into unprepared
communities. This isisually perceived as emerging or reemerging diseases. Globalizing human
activities have the unnatural but lagsl 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 fastdépy 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 ¢aat of the infection agent, the final host, and possible

vectors and reservoirs.

Some of these infections produce large or devastating epidemicAIXgHIV) and Ebola. Others
produceintriguing symptoms which triggevorld large effort for immediatelucidation, like recently

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

As early ag4881 the Cuban Dr. Carlos J Firf@lyapter tref [1]¢[3]) showedthe role of mosquitces
as biological vectors for infectious diseases. Through a series of sharp observations and carefully
planned experiments he demonstrateédat the mosquitoAedes aegypflis 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 mosgogmitted)
caused more than 20 000 human deaths during the tracton of the Canal of Panama factbeing
on the basis of the failure of the Frentihconstruct the canalwhich wasachievedby USA only after
eradication of the mosquito following thenethods used in a similar and firstly successful campaign
organizedin Havanaunder the recommendatiomof 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, lefselingto the
sacrifice of large number of thertunfortunately some of these agents infect humans ffluis zoonotic
nature significantly compdates the situation and rises some of the requirements in fighting them in

animals tonear the same leveahan in humangpart of the concept of th®ne Health Initiative

Viruses have been proged as bio wapons(Chapter ref [4][5]), and the possibility of their use
by terrorists has added huge urgency to the necessity of been prepared to fightansequaces,

firstly by detecting thenpromptly.

As the examm@s showmany 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
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diagnostic nethods. 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 theug down to the absolute limit of a few
copies per sample and also to determine the exact viral (geno)type. In a much bzesgewe could

need to screemarge numbes of samples for the presence of some of the variants of the viral genome.

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

even unknown ones.

Classical virological methods may not be approprisemany situations de to insufficient
sensitivity, speed or simply because of their absencCR based methods, DNA microarray or
sequencing among other are often the best choices in such situafitresefor asystematic approach
need to be developed for the design of DiRybridizationbase methods of detection and
characterization of RNA vires that are both sufficiently broaspecific 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 hiighilty 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 2P0 % or even more. This variability is by far the major problem during the
design of DNAybridization mediated diagnostic methods. The problem of choosing a DNA fragment

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

Tighty 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 amofisequences 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 preferablg\en 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 paihichl, 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



variants are detected, ave may choose to detectedst the variants expected to be present in some
geographical region or during a concrete outbreak. Neversglave eed to keep in mind that those
biological classifications may not reflect the technical characteristic that we are trying to use: to group
the squences into groups favhich we can guarantee detectiavith the newly designed method. One
special caewill be a virus (or some subgroup) with variants distributed in algtarpattern, with no

Of SIFNJ ¢OfF RSaé¢sx odzi ¢AGK F aO2yliAydz2dzaé S@2f dz
those cases we may need to define (and probably sbme nane) subgroups that may seems

arbitrary for other purposes.

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

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

1.2.1. RNA extraction
Prior to the application of the DNAybridizationrbaseal technique like RTgPCR, the viral RNveed
to be extracted We used welkstablished methods and commercially available kits based on columns
(RNeasy Mini Kior QlIAamp Viral RNA Mini KQIAGEN, Hilden, Germanyr magnetized particles
(NucleoMag® VET kiom MACHERENYAGEL Durel, Germanyto achieve the separationeither

automatically using pipetting robotsor manually

Especially useful was the combination of magnetized particles witheadom EVQiniversal
pipetting robot from TECANMannerdorf, Switzednd. The providedrreedom EVOware Software was
usedto write simple and specific pipetting protocasriptsin a semi visual way. Unfortunately, writing
more complex or flexile protocols to accommodate arbitrary number shmpks or minor
modifications of the protocols was very time consuming and error prone. To overcome these limitations
a new software wasvritten in Python,dRobotEvé which automaticallygenerates 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 implementationa parser and
a gererator ofinstructionsfor the scripi’ & Y Fo8tgug ashuman readable commentsVBware
scripts, etc., in modul&voMode a model of theobotto detect possible errors prior to the generation
of the script;simple pipetting instructiog asetof protocol stepsand, finallyfacilities to declare the

reactiveand thelabwares.

For the protocol for RNA extraction (modulRNAextractionMN Mag_Vetthe labwares and

reactive are declared first. Immediately an automatically generated chstclk presentedn a graphic

user interface(GU). After a possible adjustmemif the parameters by the operatahe program go
throughthe dedued protocol steps of spreading buffers, mixing, washing, incubating, etc. generating
a detailed script to be imported and visualizedhe fTECANreedom EVOware softwar&he obtained
script is very long but structurally very simple and well commentguch facilitates the visual control

of each instruction.
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1.2.2. Primers and probe design

Although, there aravell knownsoftwarefor design of pmers 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-delosity microarrayfor
virus identfication. Even when the goal is to design a high specific{RCR the target sequence is
always a group o$imilarbut still different sequences, with up to 10 or 20 % of punctual nucleotide
differences affecting most positions. Tools that find a sefpafcifics and compatible prim&irom only
one given sequence are hardly useful. The tsstomes even more complicat@hen trying to design
anassay that detect a whole viral group (for examypdegiven genus), especially if we needctmtrol
the detection efficiency foreach of the subgroups (for examplespecies) which form the broader
group.The merepossibility of breaking the target group into a classification tree of variable deep is not

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

Further complications are introducedhen someincomplete sequences that do not cover the
entire target regionare ones of the few representatives of some of the subgroups and theré&fore/ Q i
be ignored. Additionally, to mresent all this sequence diversity the numloéisequenceselectedfor
analysisnaybewellin the order of a few hundreds. We did not found any software that simultaneously
copeswith all these requirements. A solution widely used is to simply prinatlgnment 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 thselution using an Excel workboe¥hich ispublicly available

at GibHub a¥/isualOligoDeg

VisualOligoDef¢ncilitate the visual selection of candidate primer or probes from an existing MSA,
by interactively constructing consensus with selected degree of degeneracy, modeling some
OKI NI OGSNRAaGAO o¢YsS kD3 SO0 2F GKS Ll2aairotsS K&oN
Some implementation details are: its use and installation dodegtend on any software other than
MS Excel; the truncated and reclassified aligned sequences candx@aged 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 adsta 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 cudid git (a distributed version

control systenof software source codénttps://git-scm.com/).

After selection oprimersor probe candidates and before or after their validation with other tools,
it may be desirble to predict thér hybridization characterist&zonto a set ofadditional target
sequence®riginallynot present in the MSA used during the desidiquestion arisesls it imperative
to add the sequence tthe MSA prior to test it against a set of pes?This problematic situation also

appeaed when we tred to predict the result of the hybridization into our ledensity microarray of
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the amplicon from a viral strain with a known sequerid& decided to use a differemodel to avad

building or updaing the MSA andeveloped a second software todihDy_ DNAybrid

Most of the algorithms used faequence alignmentand oftenreused for thedesign ofprimers
and probe originatein the phylognetic 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 probergdesggmay prefer to
refer tothe percent of probes or targeh hybridized statewhich is what determine the efficiency of a
PCR or of a microarray detectiofhe percent of probes hybridized is described with ¢agilibrium
constantK of the reaction, hermodynamicallfChapter #ref [ )NBS f | § SR (2 =ZRABKNBEI O
a given temperature T, where the gas constanif R872 cal/mol KSantalLucia,. JChapter iref [6])
provides arule of thumtEi 2 A€ € dzZAGNF 0S GKAA NBtFdA2YyY aSOSN
the equilibrium constanby a multiplicéi A @S F I O 2 B2 Rc@l/mol(A-£.4x3) | egfudisad

changebyvnnné¢ @

Thus, ather than using the phylogenetic or plain text appchawe may prefer a chemicar
thermodynamic approximation to describe those reactions. Beginnitigawough approximation we
may add more and more factonsakingour predictionsmore accurateBy using the text approach this
AYONBYSYGlt FLIWINREAYFGAZ2Y A& GNIyatldSR Ayidz Y
especially when quantitavely it maybe unclear in each situation whaule 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 smpl

ThDy_DNAybrid uses the thermodynamic NN method to describe DNA hybridizatik(. is
calculatel i KNP dzZaK GKS k1 FyR k{ [fdicudeoides TheRe raadve || R2 |
position of the interacting nucleotides at both DNA strasdsed 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 stablénis problem was solved by Kadel@@apter tref [7]) using
the dynamieprogramming approach othe SmitlgWaterman alignment algorithmmodified by
changing thealignment objectivef dzy Ot A2y 6AGK kD 2NIR¢X{al AYR NP
dependencies into par of adjacentudicleotidesfollowingthe NN model We have further adapted
the algorithm to extract any position at which the stability of the hybridization @asser definel
value: any position in which a probe could produce a measurable signal. The modification can also track

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

Additional detailof the implementaton are: it is writenin c++11/14jncludes a GUI builvith the
Nana C++ GUI libraya new, simple and modern way to do GUI in c++ for Windows and Linux; the
LI NF YSGSNBE 2F Sl OK NYzya | NB &rin@sdRr mandally insgettdd? 2 S C
and edited as simple text; a stlibrary, ProgParamwas developed to managed the parameters and

subprograms that form the software and transparently join the core functionalitthvihe user


https://github.com/qPCR4vir/ThDySec/releases
http://nanapro.org/
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interface; the sublibrary Unit make easythe conversion between any physical or chemical units,
helping to avoid errors and offering great flexibility for thal user;andresultscan be saved in a set

of text files andoresenkd asinteractive tables.

1.3. WNV lineage 1 and 2 detection and quantification

West Nile virugWNV; familyFlaviviridaggenusFlaviviru$ is anarthropod-borne virus grouped in
the Japareseencephalitis virug¢JEV) serocomplex, which includes 8te Louis encephalitis virUEV
and Murray Valleyencephalitis viru§MVEV), among otherS€hapter 2ref 11). The genome ia linear,
single-stranded, plussense RNA, which encodes foree structuralproteins(C, prM, and Bhat form
the enveloped virion, and severonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins
(Chapter 2ref 4).

WNVis transmitted by mosquitoebelonging principally to th€ulex pipiengomplex A large
variety of wild bird speies are the natural reservoil hehost range is very broad and encompasses not
only humans but also equids, alligas, dogssheep, and many other speci@hapter tref [8], Chapter
2-ref 4, 19). Human infectionsre generally asymptomatibut near 20% areharacterizedoy flulike
illnessesheadache, high fever, chills, arthralgia, malaise, and rethital pain. Up to 1% dhfected
human beings develop severe encephalitis, myelitis, and/or meningitispf these cases, 1 in 20 dies
(Chapter 2ref 20). There is ndiumanvaccineyet (Chapter tref [8]) and the best method to reduce

cases of infections is mosquito control.

WNVhas beergroupedinto at leastfive lineages. Lineage Aas awide distributionandis found in
some parts of southern Européfrica, the Middle East, Asia, and the Ameriddse Kunjin virus, which
circulates in Australia, representie subtype 1b of lineage 1Lineage 2 strains arfound in sb-
Saharan Africa and Madagasa@nere it is endemic,and have also been discoveréu Europe:in
Hungary(first isolated froma goshawk Italy (in horsesin the Island Sardania, 20Xlineage 1, and
lineage 2 in mosquitaein 2012) Greece Russia, Runméa and AustriagChapter ref [8], Chapter 2ref
2,3,5,23).

Theintroduction and rapidspreadof WNV into USA in 199%here it later became endemic and
then spread to South AmerigéChapter iref [9]) is a dramatic example of the impact of human activity
(Chapter #ref [10]) in general and of globalization in particulaion virus distribution.European
countries werendeedwarned about the possibility of su@xpansion in theiterritory too andbegan
to implementlargemonitoring or surveillanceprograms. For sucbountriesit was expected than not
only the lineage 1 observed in USA may appear, but also the lineddef@rtunatelymost used RT
gPCR werdighlyspecific for lineagd, and failel to detect the lineage 2T'his situation was refleetd
in the conclusions of tharkt international proficiency study on VWNnolecular detectiorpublished in

H N n Kot participants showed good performance in detecting lineage 1 WNV, the predominant virus
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in the Northern Hemisphere. The inability of sotadoratories to detect even highly concentrated
lineage 2 WNVR2 gy ANI RSR G KS 2 @S Nanky 27%Ddpartcpants svére abl&Sto | dza
detect the 6 samplesontaining 1,8x100 2 LJA S & k Mifeage 2 Sraini(KgSTThapter ref [11]).

Weestablishedwo new RFgPCRChapter 2. PrimersandLIN2 6 S 2 F | & &4UBRamd I NI
assay 2 targetthe nonstructural region NS2A hisenables an unambiguous and independent WNV
diagnosis based on 2 different amplicoEsch assay watkesigredto guaranteethe detection of both
lineagesBoth asays allow the detection of as few agiZyenome copies of WNV straiper reaction
(which typically count for 100 to 200 copies/mL of sample, depending on the RNA extraction protocol
used) Theycan be usd independently or in combination to improve sélidity and specificity, or to

exclude cases of cargver contamination (the amplicons generatace not mutually amplifiable).

Asynthetic RNA&orresponding tahe 5SQUTR amplicofFigurel) was designedontainng 6 twist
inverted GChasepair changes at thimternal sequence in a way that can be unambiguously recognized
by a specially designed prob€&his RNA was used as positive contnodl as external calibrator for

guantification.

G Only viral probe

! gtgegagctgtttettagecacgaagat

agtagttcgcctgtgtgagctgacaaacttagtagtgtttgtgaggattaacaacaattaacagagtgcgagctgtttcttagcacgaagatctcgatgtctaagaaaccagga ccc

agtagttcgcctgtgtgagctgacaaacttagtagtgtttgtgaggattaacaacaattaacagactcccacctctttcttaccacgaagatctcgatgtctaagaaaccaggagggccce
% tgacaaacttagtagtgtttgtgaggatt ctcccacctetttettaccacga

agtagttcgee

tgagctgacaa atgtctaagaa

Viral & Control probe &

Only control probe

Figurel. Syntheic WNV RNA controlvith target regions for both PCR primer, a probe for quantification of the virus and a
special regioncontaining 6 twist inverted GCbasepair changedor exclusive detection of this RNA control (but not the
virus)

WNVhave notbeendetected in German samplegty but we were able to detect WNV lineage 2
in mosquito pools from Greed€hapter §. The assays have proved to be useful in the practice, and
continue to be used not only in our laboratory, but aleanany other independent laboratorieShe
assays have been also further validated by successfully participating in at least four international Ring

Test Chapter 7.

1.4. Equine encephalitis v i r u dgletegtibn and quantification.

Western equine encephalitis virubWEEV),Eastern equine encephalitis viruEEEV), and
Venezuelan equine encephalitis vir(d§EEV) are arthropedorne (arbo) viruses of the genus
Alphavirusof the virus familyTogaviridae Thesinglestranded positive sesse RNA genomef VEEVs
contairs approximately 11,400 bmndencodesour non-structural proteins (nsPt 0 | Gendiaghd p Q

fivestructural proteingd / = 903X 9H I ceMd@haptRu@[i2). I &G GKS 0Q



These virusesare transmitted by mosquitoes within bird (WEEV, EEEV, and epizootic VEEV
(epizootic strains)) or rodent populations (VEENzootic 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 subtype€EV arelassified asCategory Bagent by the Centers foDisease
Control and Prevention, Atlantand are consideregotential bioterror weapos (Chapter tref [13]).
VEEM\an also beransmitted by aerosol exposu(€hapter 3ref [7][8][9]) and havebeen weaponized
(Chapter ref [4][5]). Intensiveresearchis conducted to obtaina reliablevaccine and @ antivirus

treatment (Chapter ref [14]).

The threeviruses¢ WEEVEEEV and VEE¥ffecthumans,equinesand mosquitoesnainly in the
AmericasThesubtypes (I VI)of VEE\are also subdivided in varieties or serotypes (e.g. IA/B, IC, llIA,
etc.) (see Table 1. ifiChapter ref [15])). In order to protect the unexposed population in Europe,
imported animals are routinely tested for these agenisth the goal of detecting any known variant
While at the momentof the beginning of our work there were sensitive-§ACR for the firstwo
(Chapter 3ref[10]), for VEEWhere was a need for a convenient-BFCR for the detection of all VEEV

variants.

Takingadvantage ofthe few new partial sequenceavailable in public databases (in 2010g
adapted an existing conventionalbroad rangeRFPCR(Chapter 3ref [14]) to develop an RGPCR
specific for VEE{Chapter 3. Atotal of 33 VEEV sequences were retrieved from the GenBank database.
The published broagrange primers, which target the nsP1 region of Alphaviruses, were madified
degenerated base where inserted (TCCATGCTABIYAGAGCGTTTTCGCA and
TGGCGCACTTCCAAHAGGAYand a labelled prob§TGATCEACGGAGEHGAVCCATOAvas designed
to specifically target VEEV sequendgbdpter 3Table ). The resultinggrimer/probe set enabledthe

application of a quantitative realme RTPCR protocol.

Aunified synthetic RNAwith the targets sequences of the three R@&sintroduced in the assays.
A calibrated, external standard curve of this synthetic RNA is used for quartificatd as positive
RNA control within each of the three assays. $iethetic calibrator comprises a T7 RNA polymerase
promoter and the target sequences for the-BFCRs of EEEV, WEEV, and \@&t&yter 3Figure 1(a))
The sythetic RNA was obtained by-uitro transcription.The EEEV and WEEV sequence regichgle
the targets forthe primer and probes adopted unmodified from the literature, but the corresponding
probe target sequences were placed on the complementary stiandrder to generate a unique
(different) amplicon sequence, discriminable from the original virus sequence yet maintaining the same
ydzOf S20ARS O2YLRaAAGA2YDd LY FTRRAGAZ2YIS SAGKAY GKS =
CTGGCTTCAAAAR ¢ Iy @ SRKATECGPTRAATAQ Ay 2NRSNJ 2 RAZONAYAYLGS

synthetic RNA from viral RN#ith the special control prob exclude false positive signals in sangple

Four external standard curvegone for each virus and one for the VE&Mtheic RNAcontrol
probe)were used for quantificationThe limit of detection (LODh copies/ L of RNAcorrespondecat
8
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leastto 70for VEEV (T83 strain), D0for WEEV (McMillan strain), an6@for EEEV (New Jersey strain)
(Chapter 3Table 2).

Later the projectdComplete genome sequencing of a collection of the Venezuelainequ
SYOSLIKIfAGAA& (GoanNBzHEIN27220090D00DC; National Institutes of Allergy and
Infectious Diseases)Accession: PRJINA15794ittps://www.ncbi.nim.nih.gov/bioproject/157941
yielded 1@ new complete genomed-rom them, ging ThDy DNHAybrid and VisualOligoDegwe
extractedand then synthetized 5 sequencegepresenting the target of our VEEV assagludingall
the sequence diversitgnown by 2014. We were able toexperimentally demonstrate that our assay

effectivelydetect all of them(Chapter 3FIGURE 3).

1.5. Ngari virus detection

Ngari virugs an arthropoeborne virusrecently classifie@Chapter ref [16]) in order Bunyavirales
family Peribunyaviridag genus Orthobunyavirus as a member of thespecies Bunyamwera

orthobunyavirugwhich among others includes the Bunyamwera and Batai viruses).

Thegenomeof members of theBunyamwera ortbbunyavirusspeciescomprises 3 segmentsf
mostly negativesense single strandddNA:the small (S), medium (M), and large (L) segments, which
encode the nucleocapsid (N) protein, the 2 glycoproteins Gn and Gc, and thddpiident RNA
polymerase, respdively. Ngari viruss a reassortant, with segments S and L filBamyamwera virus
and M fromBatai virus Ngariis more virulent thanrBunyamweraand Bataiand is associated with
hemorrhagic feverlt was first isolated fromAedes simpsomosquitoes in 199 and from humans in
1993, both in SenegéChapter 4ref 3). During 1997 and 1998, humans were affected with hemorrhagic
fever diseases in Kenya and Somalia that wetsed byRVKE and byNgari vius (Chapter 4ref 2, r4).

Lambertet al. (Chapter 4ref 6) constructed a series of MSA frotime S segment ofarious viral
serogroups and selected promising conserved regions for the design of PCR. The primers were then
selected manuallyfrom those alignments.In essence they created a complex and optimized
conventional multipleXPCR assay with primer ipg for each of the following targets:Family:
Peribunyaviridag Genus: Orthobunyavirus species: California encephalii®wamba group,
Bunyamwera virus serogroup Wyeomyia and Oropouche Family: Nairoviridag Genus:

Orthonairovirus Nairdbi groupand Family Phenuiviridag Genus:Phlebovirus

The RVFV appeared again in Mauritania in 28bind the Adrar regiomand we searched forst
RNA in seruncollected therefrom various animal specig¢€hapter iref [17]). RVFVS also a member
of the Order Bunyaviralesbut of the Family Phenuiviridag GenusPhlebovirus Sincewe were
committedto find other arbovirugsfrom that Order, we adapted the PCR of Lamberg et@abe used
in separatedSYBRB-RFqPCRorotocols. This screning wassuccessfu{Chapter 4 and we foundgoat
samples apparently positive Bunyambera viruwith an amplico@ B 7 8 . skgitiZ different from

that of our Batai viruscontrol (78.0°C). After direct sequencing of the aficon these samples
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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

appeared tocontainNgari virus(Figure2). Further investigations of the samples, through infection of
cell cultures and whole genome sequencing, unambiguously confirmed this result, as shows the

phylogenetc tree constructed for the three whole genome segme(@bapter 4rigure.).

Melt Peak

A— Mauritania 51 (Tm = 78,2°C)
Batai virus control (Tm = 78,0°C)

Purlftcatlon/sequencmg
7’0 Al 72 7‘3 74 75 7{6 77 78 7"_) 80
Temperature, Celsius
Bunyamwera virus serogroup SYBRG RT-gPCR
Accession l Description I IE:IE ] ﬁmh | Query e MIiIlﬂ IE::!
X857316.1 Ngari virus strain DakArD28542 segment S, complete sequel 43 345 100% 6e-92 99%
Ngarni virus strain 9800521 segment S, complete sequence 240 340 100% 2e-90 98%
Ngari virus strain 9800535 segment S, complete sequence 240 340 100% 2e-50 98%
Bunyamwera virus S segment, complete sequence, genomic 240 340 100% 2e-90 98%
Bunyamwera virus genes for N and NSs protein, complete ¢ 240 340 100% 2e-90 98%
Ngari virus strain SUD-HKV141 segment S, complete sequer 336 100% 3e-89 98%
Ngarni virus strain SUD-HKV66 segment S, complete sequenc 336 100% 3e-89 98%
Bunyamwera virus N protein and non-structural protein gen 336 100% 3e-89 98%
Shokwe virus strain SAAr 4042 segment S, complete sequel 231 331 100% 1e-87 97%
Nola virus segment S, complete sequence, strain ArB2882 327 327 100% 2e-86 97%
Bozo virus segment S, complete sequence, strain ArB13529 318 100% 8e-84 96%
llesha virus nucleocapsid (N) and small non-structural prote 318 100% 8e-g4 96%
Batai virus strain MS50 segment S, complete sequence 313 100% 3e-82 95%

Figure2. First experimental evidence of the presence Ngari virusin goat samples from the RVFV outbreak
2010, Mauritania. The melting curve analysis coupled to the-dPICR for theBunyamwera virus serogroug
adapted from Lambert et al. yielded a signal very similar Batai virus A simple BLASNCBI search of tt
amplicon sequence pointed to aiNgari virus This was later confirmed by infecting cells cultures and wt
genome sequencing

1.6. Detection of HEV in wild German animals and subtyping of
HEV genotype 3.

TheHepatitis E virugs now classified in theafmily Hepeviridag where four genus arerecognized
The genugOrthohepevirugontainsthe species commonly affecting humans. Specifically, the specie
Orthohepavirus As proposed to be further divided inigenotypes, of whichthe four genotypes 12,
3 and 4are known to infect humansGQhapter 5ref 68).

The virion is approximately 234 nm in diameter and modikely icosahedral. Thgenomeis a
positive sense singlstranded RNAf approximately 7.2 &, which contains a short 5' untranslated
region (UTR), a short 3' UTR and three open reading frames (ORF1, ORF2 af@HapieBsref 27).

The ORF1 encodemn-structural proteins carrying dom@as with methyl transferase, helicase and
replicase activitiegChapter 5ref 28). The ORF2 codes for the viral capsid protein of about 660 amino

acids. The ORF3 is almost completely overlapped é&yRFZthus being the more conserved region)
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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 cell€hapter 5Sref 29).

Until recently HEV was seemainlyasanendemiccausative agent of acute hepatitisdeveloping
countries with mor hygienic conditions, angrimarily transmitted via contaminated drinking water.
Sporadic cases in industrialized countries were thmug be introduced by travelers from endemic
regions. The etection in pigs and some othanimak of HEV strains similar to that found in humans
triggered investigations about the possible zoonotic and autochthonous origin of infections in humans.
Moreower, the consumption of undercooked meat produetas fond to posa substantiakisk for HEV
infection (Chapter 5ref 4-7). Today it have been established that HEV ggpet3 and 4 have a main
reservoirin pigs and wild boarand affect others animals, notably rabbitand deer. In particdar,
studiesrevealed, that HEV is ubiquitous in domestic pigs and wild boars throughout E{@bppter
5-ref 8). HEV infection in farmed pigs affects up to 829% of the animals worldwide and usually
occurs at the age of¢c2 months(Chapter 5ref 26). While genotype 4s predominantlypresent in Asia
(Japan, Chinalndia, etc), genotype 3 appearto be distributed all around the world and also
accumulate more diversitfCurrently,genotype 3 is recognized as a febdrne zoonosis in developed
countries where it usuallyazises a mild selfimited acute hepatitigChapter ref [18]). From2001to
2017, 7056wuman HEV casé€hapter 5ref 38) werereported in Germany671 in2014, 1265 in2015,
1993in 2016 andl230in 2017 untilJuly), which include a growingnumber of nontravel associated

autochthonous cases.

The role of different HE®Q genett variants in the evolution of the diseag€hapter 5ref
1,7,39,41,42), the posdility of tracking the routes of infection and the influences of human activity
(Chapter 5ref 43-46) are currently under studyTo better understand the interplay ohése factors
the prevalence ofpast and current infections haseen studied in large collections of samplés.
prerequisite for this approacks to optimize the performance of the detection techniques, which is
hamperedby the high variability of the vitgenome, evernntra genotypes. We therefor established
(Chapter 3 an optimizedversionof a widely used diagnostic RIPCRChapter 5ref 69) that targets
the ORF3of all four genotypes #4. With this modified assay thedetermination of the HEV RNA
concentrationis carried out using m external standard curve(a syntheticRNA) This calibrator
encompasseghe 81 bp sequence of ¢hamplicon and includethe T7 promotersequence at the 5'

end for in vitro transcription.

Thehigh sequencevariability potentially make possible to aait sufficient information tostudy
the routes of transmission. Due to the low viremia levéligh genome variability anbw quality of
some samples gerum and blood samples are less appropriate than tissue fecal samples}he
technigue of choice to obtain most of the sequences have been nestdRlORhat target relatively
short sequences from different genomic regio@onsequently,d conpare our viral isolate$rom
German wild animaléChapter 5 Chapter § with other European reports we developed a setfobr
new nested PCRor genotype 3(Chapter $ and appliedthem to each of oumpositive samples.This
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fragmented nature of the sequence inform@ah hinder astrict phylogenetic analysigith direct
sequence comparisofas shown by Bayer phylogenetic analysiShiapter 5ref 43, 45) and wechoose
to implementan alternative methodThe aimis to obtain the finest possible classificatiof the
sequences into subtypesshichwill partiallyreconstructthe information we cannot obtain due to the
impossibility of a direct sequence comparisdie choose lie subtyping scheme ofuet al. (Chapter
5-ref 32), which have been commonly used asdpported by epidemiologad and statistical analysis

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

Most of the problemswith this subtypingschemeare related to thedifficulty to find well defined
clades due tghe apparent coninuous or nonhomogeneous pattern of evolution, and also insufficient
number of complete genome sequences for most subtyped to the useof very short genomic
regions There was also an accumulation of small errors and misunderstanding, including canfusio
with incompatible nomenclatures, ambiguous classification of possible artefactual recombinants and,
mainly, insufficient number of widely accepted reference sequenkeditionally the attempt to derive
information about subtype$with 10-18%of nucleotde differencesintersubtypes in a genotypeising
alignments and phylogenetic analyses optimized for the study of the whole HEV diversitgifigall
genus and speciewith 30-40% of nucleotide differenceand thus eliminating mangf the nucleotides
positions due to saturation of the phylogenetic signabuld lead to fundamentallyrroneous
conclusion about the inconsistenad the subtype scheme of a given genotyf@hapter ref [19]).
Driven by this situatiomhe subtypingwas dscouragedat all (Chapter 5ref 30). Thus one of our first
task was to analyze and actualize the syiet scheme for genotype 3 dedmd by Land to propose a

revisedset of reference sequencé€hapter 5.

For primer and probe design, an alignment of 351 HEV sequences was constructed. This alignment
was manually curated using both the nucleotide and deelucedamino acid sequences. HEY?2;3
and-4 genotypes were included (with preference to genotype 3), covering all subtypes, and including
131 complete genomes (C@&38 of them cited by Lu et alChapter 5ref 32)) and 65 German HEV
sequences Ghapter 5Supplementary Table S0J). For genotyping and subtyping, four sets of
nested degenerated primers were selected from this alignment, which tafiffetrent regions of the
genome. Previously published primé@hapter 5ref 67) were used to amplify a fragment of tHeNA
dependent RNA polymerase (RdRp) reg{@hapter 5Table 1). By aprii2017this alignmentinclude
1984 aligned sequenceéwith the corresponding isolate datafrom which 1466have anassigned
subtype.This protocol for subtypingave been used inther five studies on HEV in wildnimals in

Germany Chapter §, (Chapter tref [20]¢[23]).

Our general approacfor subtypingwas to construct a reference tree using CQ@eotypes 4.

This tree defines the genotypes clades, and also shows thefaun o p hy |l et i ¢ groups:

Ai3f egd a mhdtfofimrthe gamatyped®hapter SFigure 1a). Adding an unclassifiedequence

to this tree (or totreesthat usegoartial sequences extracted from the underlying alignment) make possible
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a classification onto genotypévhich can be achieved for sequences with lengths dawn to 200 or even
100 nt(Chapter tref[24])) and a preliminary classification into major clade, group or subtype. By using
only sequences of genotypg@Ghapter 5Figure 1b) or evenonly of the same clade @roup we can
obtain a tree withfbetterr e s o | fort a pmssible definitive classification of the sequefless
phylogenetic information is discarddde to saturation of the sigharhis approach also permi better
definition of the groups and stylpes, to begin withTo investigate the suitability of smaller partial
sequences to be used in subtyping we constructed a large numbesoand checked wheththey
reproduced the same topology that the corresponding CG tikevheher they offer suficient
(bootstrap supportto each of thénteresting clades. Wiamit the subtyping to thossequenceegions

that reproduce theorrespondingopology of the CG tree, avoiding doing conclusions fromréggons
which do not(in particular, do not use tb investigateinconsistences in the subtype scherieges
constructed for sequences more than 1500 nt length retained the same topolsgy@ort (ith
bootstrap values of at least 8386 each of the subtypes with more than one seqyemzkare thenes

usal to define the subtypes and the reference sequéltiehas a good agreement with the posteriorly
published conclusion d?urdy and Suef a1600nt limit (Chapter ref[24]). They also corladed that
fiSubtyping may be doneubit requires a careful exanation of the region to be used to ensure that it
correctly resolves the subtygesVe found regions which can be ug&thapter SFigure 3, Figure 4
andSuyplementary Figure SQ3and alsdhat the quality degradevith smaller lengtedown to regions

that provided insufficientnformation to subtypemost sequenceslike the ORF3.225n{Chapter5-
Supplementary Figure S1. ) or the ORF2L48nt.

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

v6 and a specially developegdel worksheeHEVsubtypingMEGAut.xIsmWhile the alignmentEV.fas

refers the segences only by the GenBankca ID the workbook includ@formation we gaied from

the NCBI or the original publications about the sequence, isolate or strain, and also the position in the
alignment.This permits arasyselectionof the sequencesfor exanple only from genotype 3 or major
clade I, or from some continent or country, or host) that overlap the selected genomic region and
SELRNI AG G2 | GS enportédih MEGALLE quidkly $elBct andlabél th®deglienoeS
to analyze All of this is available athttps://github.com/qPCR4vir/HEMogether with detailed
instruction of usehttps://github.com/qPCRA4vir/HEV/wikéspeciallythe Quick Guide of use

While there are still sequences thabuldnot be assigned to any subtype, the proposed subtype
schemeprovides a frameworkwith which the majority of the sequences can bdassified and thus
d O2 Y LI NB R ¢ n-avetlapgirigfedudticey. Bubtypesayserve as markers for epidemiological

(andtransmission¥studies and as preliminary groupitmysearchfor biological differences.

In MecklenburgWestern PomeraniéGermanywe detected a virus prevalence (HEV RNA) of 3.4%
(32 out of 955 and 5.2%three out of 58in blood samples of wild boar hunted in 1996/97 and
2005/2006respectivelyIn addition, HEV RNA was found in 14 out of 134 wild boar liver samples from

the Greifsvald region, giving a prevalence rate of about 10.4%. Finally, two wild boar liver samples
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(WS0309 and WSO0®9) from individual hunts were also positigequences were recovered from 12
of this samples anvere classified(Chapter 5Supplementary Table SO02into genotype 3 in the
subtypes 3a, which hadeen detected in Germany in Potsdam, Brandenburg and Baaiap(er 5
ref 14,15) and is predominant in USA; 3be firstisolated from a wild animabutside Japarg from
where it probably originated, and only once detected in Europ@Hhapter 5ref 65); 3jab ¢ with

insufficient information for a better subtypingand3i, commonly detected in German wild boars.

In a similar studyGhapter § we found HEV RNA in four out of S&fumsamplesdrom wild rabbits
collectedin the caotext of a general surveillance prografar wildlife pathogens in1989 in the
Greifswald area in Mecklenburg Western Pomerafi@mm onesample a partial sequence could be
recovered thatcorrespond tothe HVR and clustered with otherabbit derivedHEV sgquences. This
rabbit sequences form a separate cluster or major clade within the genotyg@uBsequence was
related to two other sequences from France (2007 and 2008) and from China-Z2QQ3 An
additional sequence of this clade wasbtained from a hman patient in Frangewhich point toa
zoonotic potential, which was confirmed by the detectionhofman derived3g-like sequence in a

German wild rabbifrom another study(Chapter ref [23]).

The global distribution of subtypewas tabulated inChapter 5Supplementary Table SO01.
summarizedn Chapter 5Table 2 andpartially visualized i€hapter 5Supplementary Figure S13

which can be interactively viewed afableaugPCRA4vir Subtype 3a appearto be distributed

worldwide, but is predominant in USA. 3bmnsinly restricted to Japan. Lack of lomgough3chi
sequencesnake it difficult to define & internal structure and we expect that new subtypes will be
defined hee (3hlike sequences are found in Europe, Latin America and Affich)is common in
Europe, particularly 3avhich is predominant in Germamnd The Netherlandsbut also 3i as it is
common in German wild boar3feg is also more common in Eurgespeally 3f in Spain, France and
The Netherlands while 3e in Hungary. In Germany both 3e and 3f are also co@nipone 3f strain
was isolated from wild boar@ofrom the total of 94 wild boar analyzed), but 204 were isolated from
humans and domestic pigsear 20% of th®98summingfrom all subtype$ We foundthat areported
switch in England and Walé€hapter ref [25]) from almost only one HEV type in patieims2005
2007to another type which beconsmajoritarianin 20112012 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

Raviviruges (family: Flaviviridag genus:Flaviviru represent one of the biggest hehliproblems
overall. Historically they hadtausedmultiple devastating epidemieachwith tens and hundreds of
thousandsof human deaths. Still todaiyavivirusescause serious (re)emerging disegses.Dengue
fever, Japanese encephalitis, Tick borne epitalitis, West Nile fever und Yellow fever among others

Recentlyon 1 February 2016, the WHO declared a Public Health Emergency of International Concern
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for the spread of Zika vialinfections that was presumalbyovoking cases ahicrocephaly in babe
which causedlarm among pregnarwomen That presumptiorwas subsequentlgonfirmed(Chapter
1-ref [26][27]).

For manymembersof the Flavivirugamily exist sensitive and specific detection assagostly RT
gPCRIn most situatios, however there is a need to scre@n monitor for severaflavivirues ideally
most of them.But using indvidual assay#n large screening or surveillance programsery time

consuming and both technically and economically inconvenient.

The genomic sequences of the genus are highly heterogeneous, with differences of mog8@¥han
between species. Neverthess,PanFlavivirusassayspotentially capable of detectingnost of them
have been developedCommonlythese assaywargetthe relatively conserved NS5 which cadier the
RNAdependent RNA polymerase. We gathemsrtualized (2010) sequence informatitm optimize
one of the most used assafShapter #ref 21) to obtain a more homogeneolsersitivity of detection
for most faviviruses (Chapter 7. Nearly 200 complete Flasrus genome sequences were obtained
from GenBanKvery similar sequences, with more than 98% identity were excludéw) sequences
were aligned automatically with manual correctidaking into accountthe deduced amino acid
sequences. Partial sequenceer® 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 si}e

To facilitate visualization and selection of appropriate prisnhich hybridiz equally vell to
sequences of any group, thigagmens within the NS (spanning nucleotides 9040 to 9305 of
AF196835) of the aligned sequences were imported WigualOligoBg and manually classified into
major groups (MB mosquito borne, TBtick borne and Inseebnly), virus groups (JEVG, YFVG, TBEVG,
etc.), species (WNV, JEV, YFV, TBEV, etc.) and in some cases into lineages-like WNWV2, etc.)
or genotypes. The odified primersPFlavfAAR TACAACPRGATGGGAAAGAGRGAARABOrresponding
to nt 9040 to 9068 of AF196835) and PHiIKR GTGTCCCAKCCRGCTGTGTIOATGt 9305 to 9283 of
AF196835were used in a SYBR&FGPCR protocol with subsequent melting curve analysid an
experimentallyevaluated for detection oRNA of26 different flaviviruses, demonstratingfor many of
them better sensitivity than the original primer$he observed shiit the values for Cqanging from
of 5 to 13 (Chapter 7THGUREL) for many viruses may be traduced in improvenssftmore thanl0 to

1000timesin the limit of detection.

Detecting and quantifying dalvivirusis a first step, which hae be followed by a test to identify
the spe@e. One universal solutiasthe sequening ofthe amplicon whiclprovidesin this case enough
information to identify the virusBut this solutionhas some known technical difficulties and a few
limitations. One of them is that without a clonirglep it provide only the consensus or majority

sequence and possible minor sequences or mixes are not detected.

15


https://github.com/qPCR4vir/Flavivirus

To overcome thse problems and to improvethe throughput microarray based assays have been
developed. Wecontinued that path and developed a microarrayssay(Chapter § basedon the
commerciallow density andpotentially lov cost and highhroughput platform of Alere Technologies
GmbH, Jena, Germafgrevioudy Clondiag)The assais simple to perfornin no more than twadhours,
transferringl WL directly from the PCR reaction into the hydigation buffer provided with the kilThe
selection ofthe probes, in contrary, was challengirigother applicationsthere is a needo find a set
of probeseachof which identify ore group of viruses (let say, a genotype or specie and do not react to
others), selecting a zone with mutations in any otherus. This approach exploitslatively conserved
regions with only sufficient variability to detect differences between groups.olr situation, in
contrast, due to the extreme high variability flaviviruses the major challenge was instead to find a
probe or set of probes that just could detect all vat&of the given group, e.@ WNV lineage 2, a
Dengue virus 1, JEV, ef€hapter 7TABLE SQWith 84 probes with a Tm around 55?€dllowing this
approach not a unique probe wasglected (withVisualOligoDegto identify each unique virus variant,
but a group of pobes that collectively identifies a group of viruses. Thaach viral group is
characterized by a ¢ LJ G G SNy ¢ 2F LINRPO6S NBIFIOUA2yad LYyAGAFf @
appropriated for this situation, andome wereslow for the number of test weneeded For the
interpretation of the results we also needed a software tomodel probetargets hybridizations,
preferably without previous alignment of all éhitarget sequences. The solution wasdeveloptwo

new software(seeVisualOligopDegnd ThDy DNAHYybrith sectiondPrimers and probe desigh

To finally identify the virusnew approaches were developed to process the resulting raw data
obtained after the initialprocessingof the image of the experimental hybridization. In the simplest
situations a visual inspection of the intensitglues using a bar diagraimsufficient to identify the
sample Chapter 7 HGURE3). While the hybridization patterns are not significantly affected by
variations in the quantitative virdbad of the sample, changes are, in contrast, readily visible when
different strains of the same virus species are examir@tther situations needed more advanced
processing A new script was embedded intothe Partisan IconoClust® v3.6r0 software (Alere
Technologies GmbH) export the normalized intensity signals in different formatgluding a format
suitable for import intoOrange(Chapter 1-ref [28])¢ software, which allows visual programming and

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

In Orange,the visual progranPanFlavExpStdSam(@hapter 7 FIGURE SQivas ceated, which

together with custom modifications of sonparts of Orangétself, permits an interactive import of the
data from experiments used as standardknown samples) for parallel analy§®mparison)with
unknown samples for classificatiom one approach, a®rangedwidgett shows a tree Chapter 7
FHGURH), in which a cutoff can be interactivly selected andjroupsmay bedefined to make a report
of the proposed classificatiofthis is based owrluster analysigarried out onthe distances beteen

the hybridization patterns)This is the preferred method to visualize the identification of \eésug
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samples that contain only orgngleflavivirus In another approacla heat maplike graphicwvisualizes
calculated distances between intensity patteri@hapter 7HGURE), in which the labelsral the order

of the samples can be interactively selected from a group ofoptéons. We have added (directly
modifying the source code @rangg the optian (by mouseclickingthe respective célbf reorganiing
the heatmap showing the selected sample at the tdpllowed by the most similar samples. This
graphic can also show the samples organized in a tree to reveal clustanohgperhaps more

importantly, it alsopermits visualization of mixesf flaviviruses(Chapter 7HGURE).

The limitation of comparig each new experimental sammpaly with other known experimental
samplescould be overcome usig virtual hybridizationss standardsThDy DNAHybridias used to
AYUNRBRdzOS (GKS aSljdzSyO0Sa 2F (GKS RSAANBR a @A NI dz
hybridization(at 55°C, the temperature used in our experimeraé}lhat sequence with each of the
probes present in our microarray. Thisodeled data is imported intoPanFlavExXgirtStdSampla
modified Orangevisual progranfAnnex Figure5) which includst  O2 y @S NA A 2(yitenFith)2 Y Kk [
The last ischieved byhe simplifiedempirical formula

y ¥
57 ¥

‘O OYaw'o hyo 0QY
GKSNE GKS @I fdzSa 2F UKSGI ¥R Gydaiillofihk sedsitivitylimidgra A G &
I Y R senB Were selected empigally. C 2 NJ <k Iy | is set tolsa The final formula used in

VisualOligoDegnd inPanFlavExXgirtStdSampfor the normalized intensitymaximumset to 1)is just

a convenient trasformation:

O 0  YoYyo WO oY
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Figure3® ¢ NI y & F2 NXY I (A 2 y(for2hybridizétién ofvtite R&et&dRargkt Bequenasith each probe of the
microaray) Ay i2 | G @ANIdzr £ € YAONRFNNI& o6& Y2RSt Ay WitheripBicalys a dzf i
selected values for the parametefls ¢ KS Ay iSyaAride dzasSa I NDPAGNI NBE dzyAliazr o6KACT

The procedure is robust enough to permignificantvariations of these parameter and stifiost

of experimental standarsiclustertogether with the corresponding virtual standad
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FlaviviruRTFgPCR screening was conduc(€thapter Jon 340 mosquito poolsollected inGreece
in 2012 One pool yielded a strong positive result (€g1.5),andtwo resultedof medium(Cqg 31.6
and 32.5) and twaf weak concentrations(Cq¢ 37.3 and 38.5)PCR products of 13 mosquito pools
(includingall positive specimens, as well as negative) underwent microarray analysi€apter 7
TABLE2), which revealed the presence of WNV lineage 2 sequeaedar to the Aistria strainin five
of them.Sequencing diour ofthese fiveamplicongevealedfull identity to the WNVlineage dsolates

Hungary/O4(acc.n. DQ11696) andNea SantaGreece2010(acc.n. HQ537483.

1.8. Conclusions

RNA virus classifition and taxonomydirectly influences the development of new DNA
hybridization baed diagnostic techniques. It affexthow the target groupis defined and what
sequencesare selectedo be used during the design of the assay. The high sequence variation both
intra and inter groups, together whiinsufficient sequence information and theotentially (only
apparently contradicting) high number ofdbesequences make the task not trivial. We developed two
softwaretools, whichconveniently complement other widely usgdr design or evaluation of primers
and probesWe usa thenin the devebpment and applicatiorof assagfor detection and identification
of a wide groups of RNA viruses, many of them linked to important (re)emerging animal and human

diseases.

Our published assayfer detection and quantification of WNY¥ and 2(Chapter 2 have been
successfully used byumerousindependent laboratorie$Chapter iref [29]¢[38]) and contributed to
the detection of WNV lineage(Zhapter iref[30][37]) in different regiors of the world and also to the
follow up of vaccine(Chapter ref [39][40]) and infectionexperimens (Chapter ref [35], [38], [41],
[42]). The assays are also used in WNV monitoring or surveillance pro@téragter iref [43][44]).

TheVEEVoseal (Chapter 3us a particular challengee usedVisualOligoDegp deducea set of
sequences that comprised a@lbmbinations of observed mutations in the target regibrise primers
and probendgenerated aset of 15 synthét RNAhat includes a total of 10 subtypes from all 6 VEEV

types. Experimentally it was demonstrated thlaé new assay is capabte detect all these subtypes

The considerableffort of Lambert et al(Chapter 4r6) 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 crealigigresting, we suzessfully used
(Chapter 4their Bunyamwera virus primers for the detection of a vilNgdr) that they could not test.
Thisdetection allows us teupports the extension of the range of Ngari virus infection to goats (it had
been detected in a human and mosquitdéShapter 4r8) and demonstrates the occurrence of Ngari

virus infection during the 2010 RVFV outbreak in Mauritawa. areaware 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 4r9).

We designedChapter % RFPCR assays for screening, quantification and genotyping ofSHEV
strains, and detected viral RNA in wild boar samples from MeckleAMagiern Pomerania, Germany.
Twelve strains clustered into subtypes 3a, 3l amexpectedly, also 3b, which is a coomsubtype in
Japan, but had nevdreen 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 fron

completegenome analysis and were useful for subtyping.

More than 30 different PCR fragments and corresponding genomic regions,utvihéficient
standardizationhave been used for genotyping and subtyping so far, being a source of ambiguous
subtyping schemes ahinadequate classificatioriThe presented study offers an updated set of
reference sequences for the relatively simple and neutral subtype scheme proposed by Lu et al.
(Chapte 5-ref 32), which cold eliminates most of the existing incongruences and creates the basis for
new hypotheses regarding the Hepatitis E epidemioldgyhe future, acomprehensive subtyping of
all sequencedHEV3 isolatesaccording to this classification scheme could enabietailed view of the
spread of HEM3 strains among pigs, wild life and humans, and could atovdetermine the
consequences of infections with different subtypes on humans and finallythédilmit the spread of
the disease.Our published findinggChapter % anticipated the publication of thdnternational
Committee on the Taxonomy of Virusethat reconsider their negative opinion about subtyping
(Chapter 5ref 68), recommendingnow (Chapter tref [45]) a subtype scheme with set of reference
sequences similar to the one weeleckd. Both sets arenot only almost compatible, but also
complementary, because while the Committeeposgs2 Yt &8 2y S G OSYy(iNI fé¢ NBFS
we aim to identify every sequence which can be used esference, thus defininglso thecurrent

dimits¢ of each subtype. We also offer the alignments and other tools that facilitate the subtyping.

Ourfindingin a retrospective study for the first timaf HEV in wild rabbin GermanyChapter 6
contributed to support theneed forof a welt structured wildlfe surveillance progranm Germany and

elsewhere

There is an urge and global need for monitoring and surveillancé=tdvivirus A sensitive, quick
and highthroughput assay may add a significant progress in that direction. Our ne\yPRR
microarray assay have providagromisingstartingpoint (Chapter §. With an improved set of primers
we were able to detect and identify 26 reference strains and to iderfifvivirusmembersin
experimental andield samples. Aimportant distinction of this microarray platform from wéhown
glassdlide arrays used for gene expression studiethas it isoptimized 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 idieatibn or classification, while quantification

is performed in the preceding RJPCR step.
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Ours both new softwaretools were used during the icroarray design and interpretatioof the
results. In particular novel scripts implemented @rangeintegrate eperimental standards and
GOANIidzZ £ ¢ 2ySa 20iG4FrAYySR o6& Y2RSftAy3 5b! Ke@ONAKRRAT I
found in positive PCR sampldd$evertheless the potential use of machine learning algoritiitisin

Orangehad yet to be explored

Using the combined assayyd, out of 340 mosquitos pools fro@reece(2012) were found to
containWNVlineage2 similarto the strain previously (2010) found there. This paitd the necessity

of continuecontrol and monitoring of mosquitos in thabuntry.

s Collection of sequences ﬁ
TR Determination of target region .
ThDy_DNAHybrid

gPcR < Sequence alignments

" ;s | m—m
= Analysis of potential _ B
Primer + probes

[
VisualOligoDeg
Selection of suitable probes

Generation of virtual arrays

«—— Read-out of signal intensities
<«<———— Analysis of intensity signals

Distance analysis and comparison with
Experimental und virtual arrays

Identification
Figure4. 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 todlsualOligoDeg and
ThDy_DNAHybridit underlinesthe 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 n

experimental standard are available.

In summary, wevant to stress the importance and complexity of ihiial design step o$election
of primer and probescandidatesthat solve the major problem in RNA virus detection: the high

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

selection(Figure4).
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Two new realtime quantitative reverse transcription polymerase chain
reaction assays with unique target sites for the specific and sensitive detection
of lineages 1 and 2Vest Nile virusstrains

Martin Eiden, Ariel VinRodriguez, Bernd Hoffmann, Ute ZiegMartin H. Groschup

Abstract. Two novel istep reaitime quantitative reverse transcrifiin polymerase chain reactiolRFqPCR)
assays for the simultaneous detection\dest Nile virugWNV) lineage 1 and 2 strains were developed. Primers
and the probeof assay 1 target the@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 sffew as 24 genome copies of WNV strains NY99, Uganda B956,
Kunjin, and Sarafend (all cultured on Vero cells). A new synthetic RNA mutant aftiHeR5amplicon, which
contains 6 twist inverted basgair changes at the probe attachment site, was usedxaésreal calibrator control.

Key words: Realtime quantitative reverse transcription polymerase chain reactidest Nile virus

West Nile virus (WNV; family Flaviviridae, genus found in subSaharan Africa and Madagastand have
Flavivirus) was first detected in a woman in the West Nilalso recently been discovered in Hungary and Austria.
District of Ugand in 19372* West Nile virusis an Lineage 3 is represented by a virus strain that was isolated
arthropod-borne virus grouped in the Japanese from mosquitoes in the Czech Republic, designated the
encephalitis viru¢JEV) serocomplex, which includes 8te Rabensburg virds lineage 4 was isolated from a tick
Louis encephalitis virus JEV, andMurray Valley isolate from the CaucasdsdlVest Nile virusstrains from
encephalitis virugMVEV), among othef$ A large variety India, which group into a subcluster of lineage 1, are
of wild bird species are the natural reservoir for WV sometimes thought to represent lineage’s.
however, its host range is very broad and encompasses nothe aim of the following study was to develop 2 ene
only humans but also equids, alligators, dogs, sheep, as@p duplex reatime quantitative reverse transcrifin
many other specie$Human infections are characterizedholymerase chaineaction RFqPCR) assays that target
by flu-like illnesses that aressociated with headache, highdifferent regions of the WNV genome for an unambiguous
fever, chills, arthralgia, malaise, and rewbital pain. Up identification of viral nucleic acid. For this purpose, the
to 1% of infected human beings develop severgyNV strains NY39GenBank accession no. AF196835),
encephalitis, myelitis, and/or meningitis, and of theselJganda B956 (GenBank accession no. AY532665),
cases, 1 in 2@ies? Saraénch (GenBank accession no. AY688948), and Kunjin

The introduction of WNV into New Yoirk 1999 and its (GenBank accession no. D00246) were used, which were
rapid spread lead to cases in almost all North Americgiiown on Vero (African green monkey kidney epithelial)
states and provinces, in addition to some Central and Sowélls. Virus titers were determined by -6ld dilution
American countried®In Europe, WNV was first detected irseries (in 8 replicates) in 96ell plates (100ul/well) on
Francé*and Portugafand recent outbreaks have occurredresh cell monolayers and cytopathologic effects, read
in Romania?* Italy,'**?Hungary;and Austrig® after an incubation period of@ days at 37C. Cells were

West Nile virugonsists of a linear, Singmranded, p|u5 Subsequently fixed and stained with Crystal violet. Virus
sense RNA, which encodes for 3 structural (C, prM, anditeys (50% tissue culture infective doses [T&JJp were
and 7 nonstructural (NS1, NS2A, NS2B, NS3, NS4A, N&d@llded using the Spearmaiérber method?®
and NS5) proteinlt has been recety proposedthat Moreover, Yellow fever virugYFV) strain YE/DsJEV,
WNV be grouped into 5 lineages. Lineage 1 is found in sohékborne encephalitis viruTBEV) strain Langaednd
parts of southern Europe, Asia, Africa, and North AmeriddVEVwere used in theRFqPCR specificity studies. Viral
The Kunijin virus, which circulates in Australia, represent§&8lA was isolated from a cell culture mediwsing a
subtype of lineage #Lineage 2 strains are commercial kit Cell culture supernatant (14Ql) was

added to 56Qul AVL (lysis) bufferspiked with 5ul of an

From the Institute for Novel and Emerging Infectious Diseasd§ternal control RNA (RNA) containing>2L(° copies/|,
(Eiden, Vin&Rodriguez, Ziegler, Groschup) and the Institute foand eluted from columns in a final volume of @n AVE
Diagnostic ~ Virology  (Hoffmann),  Frieddcbefflerinstitut, buffereand storel at-70°C until use.

Greifswaldinsel Riems, Germany. Suiteble primers and probes for thRFqPCR detection
Enz(;srirrfspol:?elzgoﬁsthgir;e,\:sgsmHaltGr;SeChLIJ:F:i’e“(;fiiEf;I’:S;;i!tiarld of WNV lineage 1 and 2 strains were designed in silico by
ging ’ g'gning fullength sequences of 186 flavivirus and 95

Federal Research Institute for Animal Health, Su'dufer 10, 174 . . .
Greifswaldinsel Riems, Germany. martin.groschup@fli.bund.de NV isolates (from the National Center for Biotechnology
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Tablel. Primers and probes selected fdrest Nile virus\WNVY;specific reatime quantitative reverse transcription polymerase
chain reaction.*
Assay/name Oligo sequence Genome position
Assay 1
INEID f1 AGTAGTTCGCCTGTGTGAGC (s) k20
INEID r1 GCCCTCCTGGTTTCTTAGA (as) 118100
INEID probe FAMAATCCTCACAAACACTACTAAGTTFTANIRA (as) 4@21
Synthetic control probe HEXCTCCCACCTCTTTCTTACHBYEHA (s) 66,88
Viral control probe Cy5GTGCGAGCTGTTTCTTAGCACGBRGAT (s) 6&,92
Assay 2
FLIWNF5F GGGCCTTCTGGTCGTGTTC (s) 35583576
FLIWNF6R GATCTTGGCYGTCCARCTC (as) 362%3603
FLIWNFProbe FAMCCACCCAGGAGGTCCTTCGOMRA (s) 358%3602

* Genome position refers to WNV complete genome NY99 (GenBank accession no. AF19688&)semyientation; (asy antisense
orientation,
AY: CIT.

Information database) using Vector NTI Advance primeommercial in vitro transcription systelriThe obtained
design software 10.0The first WNVWspecific amplicon site transcripts were purifietl (without carrier RNA), and the
was identified in the highly conservedééntranslated amounts of RNA were estimatéd.
region (UTR) segment (assay dd the second in the In orderto determine the minimal copy number, an external
nonstructural NS2A region (assay Zhe corresponding calibrator was deeloped based on the WNV assay 1 target
primers and probes are listed in Table 1. Probes wesequence and an authentic target site composition for the
labeled at the 6end with the FAM reporter dye and at theprobe (Fig. 1A). Serial dilutions of this calibrator yielded copy
36end with the quencher dye TAMRA. numbers ranging from 1 to 280" copiesfll and were used

The realtime PCR assays werngerformed with a to establish a calibration curve gieting mean threshold cycle
commercial systefrand kitin a total volume of 2%l. For (Ct) values plotted against the RNA copy numbers (Fig. 1B).
these assays, @ of RNA, 20.0 pmol of each primer, and 2.5he calibrator sequences were amplified in parallel using
pmol of each probe were used. An in vitro transcribed greerssay 1 primers and probes as well as assay 1 primers and
fluorescent protein gene fragment was used asRMA synthetic control probe. The curve showed a linear
extraction control (2.5 pmol of RNA specific primers and progression for the WNV probe assay and a PCR efficiency of
1.5 pmol of probe), as described abd¥€ycling times were 1.0 and displayed (for synthetic control prapaerived assay)
as follows: 1 cycle at 8Q for 30 min (reverse transcription),a PCR efficiency of 0.97. Both standard curves exhibited a
95°C for 15 min, and 42 cycles at°@5for 30 sec, 5% for correlation coefficient 0f.0.99. Based on this calibration
30 sec, and 7 for 30 secPure water and a ntemplate curve, it carbe concluded that the 2 new gRPICR assays are
control were used as negative controls in every rumapable of detecting@ RNA copies of WNV lineage 1 and 2
Furthermore, WNV samples were comparatively analyzstrains. The analytical sensitivity, as determined by the
using 3 previously publishedeTFgPCR assays (assay®)3 synthetic calibrator, is based on extractions from pure
Primer and probes of assay®8argeted the WN\Wenome solutions. No inhibition was obsemtewhen this calibrator
position 116@1229, assay*4the genome position 1153, (100 RNA copies) was extracted from horse plasma (data not
and assay Bthe genome position 105%720672. shown). In general, the impact of different matrix

For the quantification of WNV copy numbers, a synthetltackgrounds (such as plasma or cell culture medium) was
external calibrator was designed (Fig. 1A), which comprisexlealed by the internal control (present in all reactions and
the target sequences of agsd and used the same primerssetto give a Ct value of 237)1?
and probe. However, the binding site of the second probeThe 2 noveRFgPCR assays for WNV were compared to 3
(position 6&88) was mutated in this external calibrator bypreviously published assays (assags)3with regard to their
mirror inversions of 6 guanine/cytosine sequences to creasensitivity and amplification efficiency. To compare the
a new specific target site, which can be detectedy by a analytical sensitivity of all assays, Ct valuesewermalized
synthetic control probe (Fig. 1A; Table 1). An additional vila} comparing them with a positive RNA control (WNV strain
control probe (position 6692) detected the corresponding NY99), which was added to each run. The experimental limit
original viral sequence. Using primer INEID f1 and INEIDbfHetection (LOD) was set at the serial dilution corresponding
in combination with the synthetic control probe allows thdo 3 copies of external calibrator, based on the finding tBat
unambiguous detection of the synthetic control RNAgopies per PCR reaction were detected to%q@ig. 1C). This
whereas the use of viral control probe together with assayid in accordance to the Minimum Information for Publication
primers (INEID_f1 and INEID_r1) confirms viral RNA. TdfiQuantitative Realime PCR Experiments Guidelifes.
construct was amplified using vector PCRS;2thie vector  The analytical sensitivity comparison was carried out by
was linearizedwith HindlIl and invitro transcribed using a determining duplicde Ct values of 10-fold dilutions (16¢

107) of WNV strain NY99derived and Ugandaderived
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A viral control sequence
GCTCCGAGCTCTTT CTTACCACCAACAT

INEID f1 synthetic control sequence
1AGT AGT TOGCCTGIGTGAGC T GAC AAACTTAGTACT GTT TGT GAGGAT TAACAACAA TTAACACAE TCCCAL CIC TITCTTACCACCERGATC TCCATC TCT AAGAAACCAGGAGGGC 118
1TCATCAAGC GGACACACT CGACTGTTT GAATCATCACARACACTCCTAATT GTT GTTAAT TGT GCTCAGCGTCGAGAAAGAATGE TGC TTC TAGAGC TACAGATTCTITGGTCCTOCCG 118
Sequence INEID probe INEID rl

B 40

35 1

30

25

Ct (dR)

20

Ct =-3,31log(>)+35,0 R2=0.99 [1]
Ct = -3 40log(x)+34,6 R*=0.99 [2]

15 T

10 -
1E-0 1,E+00 1,E+01 1,E+02 1,E+03 1E+04 1,E+05 1,E+06

Initial quantity (copies)

Figure 1. Synthetic calibratorA, composition of the synthetic external calibrator sequence: Cytosine and guanine exchanges of the
synthetic cabrator sequence are designated in red. The corresponding viral sequence is shownBlstaadard curve of external calibrator
reaktime quantitative reverse transcrifin polymerase chain reactioRFgPCR)West Nile virusgRFPCR protocol was carrienlit using
primers and probe of assay 1 (blue line) or synthetic control probe (red line¥oltedilutions of synthetic RNA wesubjected tdRFgPCR.
Threshold cycle (Ct) values in at least 3 replicates are plotted against synthetic RNA copies snatelofhe regression function and
correlation coefficient R?) of RFqPCR with probe of assay 1 [1] and synthetic control probe [2] are inserted into theCpl®he limit of
detection (LOD) was determined by using quantified serial dilutions in dt3eagplicates of external calibrator RNA, which sets the poidt
limit of detection for 3 copies per reaction. (copiesjopies per (PCR) reaction.

RNA (Table 2).The LOD for WNVstrain NY99 was  Assay 1 displayed a mean Ct of34 0,assay 2 a mean Ct
between 10 and 1 dilution, which correspondedo  of 34.5+ 0, assay 4 a mean Ct of 345.8, assay 5 a mean
1.2¢ 12.2copies per reaction. All assays detected the 10Ctof 34.8+ 0.2, and assay 3 a mean Ct of 34.0.2. In
6 dilution of NY99 RNA with similar analytical sensitivity: addition, assaysl, 3, and5 were able to detect 10RNA

Table 2.Comparative realime quantitative reverse transcriftin polymerase chain reactioRFqPCR) analysis of 5 differéRFgPCR primer
probes: assay 1 (current study), assay 2 (current study), asSagSay 4 and assay %

Sample Threshold cycle
Copies per
Virus Dilution Assay 1 Assay 2 Assay 3* Assay 4 Assay 5 reaction
NY99 101 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 20.8 205 205 19.5 19.1 20.3 20.3 122,281.0
103 239 241 24.5 244 243 243 23.9 23.7 24.2 24.2 12,228.0
104 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0 27.9 28.1 1,223.0
105 315 317 314 316 316 316 30.6 30.5 315 315 122.0
106 34.3 34.3 345 345 348 350 35.1 33.9 34.7 35.0 12.2
10-7 36.3 359 >42 >42 40.0 38.7 NoCA No Ct 37.6 38.5 1.2
Uganda 10-1 18.0 183 19.2 19.1 19.0 19.0 215 21.6 668,139.0
10-2 22.0 220 22.8 22.7 22.4 22.5 25.0 25.1 66,814.0
103 251 251 26.2 26.2 26.0 25.9 28.4 28.7 6,681.0
104 28.6 289 29.7 29.6 28.6 28.7 32.1 324 668.0
105 316 322 325 32.7 31.8 31.8 35.2 35.9 66.8
106 349 35.0 37.7 36.9 No Ct 39.1 40.3 37.1 6.7
107 36.7 36.1 No Ct .42 >42 41.1 No Ct No Ct 0.7

* Assay 3s only designed for the detection of lineage 1 strains.
AcCt=threshold cycle.
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Table 3.Sensitivity of the realime quantitative reverse transcription polymerase chain reaction assay#/ést Nile virufWNV) strains

NY99, Uganda 956, Kunjin, andeand.*

Virus titer
WNYV strain Dilution (TClzo/ml) Assay 1 Assay 2 Copies per reaction
NY99 10E8.5 10E1 10E7.5 16.7 17.0 17.4 15.5 1.074.525.0
10E2 10E6.6 20.5 21.2 20.8 20.5 107.453.0
10E3 10E5.5 241 24.6 24.6 24.6 10,745.0
10E4 10E4.5 27.0 27.9 27.8 28.0 1,075.0
10E5 10E3.5 30.0 31.8 30.5 32.2 107.0
10E6 10E2.5 335 34.1 33.8 335 11.0
10E7 10E1.5 37.7 35.8 39.9 37.0 11
10E8 10E0Q.5 No Ct >42 No Ct No Ct 0.1
10E9 10E0.5 >42 40.5 >42 >42 0.0
Uaganda 10E5.0 10E1 10E4.0 185 18.5 19.7 20.0 298,427.0
10E2 10E3.0 22.3 22.7 23.9 23.8 29,843.0
10E3 10E2.0 26.4 26.2 27.9 28.0 2,984.0
10E4 10E1.0 29.5 30.21 30.9 30.91 298.0
10E5 10E0.0 32.65 33.06 334 33.62 30.0
10E6 10E1.0 36.21 35.1 37.2 37.7 3.0
10E7 10E2.0 NoCt No Ct >42 41.9 0.3
10E8 10E3.0 No Ct No Ct No Ct No Ct 0.03
10E9 10E4.0 >42 No Ct 41.6 No Ct 0.0
Kuniin 10E6.9 10E1 10E5.9 17.8 18.1 17.3 17.8 462,655.0
10E2 10E4.9 22.0 21.2 21.1 20.7 46,265.0
10E3 10E3.9 25.7 25.7 24.7 23.9 4,627.0
10E4 10E2.9 29.4 29.7 28.6 28.3 463.0
10E5 10E1.9 37.3 35.5 33.0 33.6 46.0
10E6 10E0.9 37.2 36.0 35.8 36.6 4.6
10E7 10E0.1 39.2 39.0 40.4 39.1 0.46
10E8 10E1.1 40.9 38.7 40.4 >42 0.05
10E9 10E2.1 40.1 >42 No Ct No Ct 0.0
Sarafend 10E8.8 10E1 10E7.8 195 19.9 18.1 18.1 320,931.0
10E2 10E6.8 23.0 22.0 21.4 21.6 32,093.0
10E3 10E5.8 26.5 26.3 25.3 254 3,209.0
10E4 10E4.8 28.1 28.4 27.9 27.8 321.0
10E5 10E3.8 33.7 33.6 32.3 32.6 32.0
10E6 10E2.8 35.1 34.4 34.6 34.2 3.2
10E7 10E1.8 36.7 36.1 36.2 35.9 0.3
10E8 10E0.8 >42 No Ct 42.0 >42 0.0
10E9 10E0.2 >42 No Ct No Ct No Ct 0.0
* TClyml = 50% tissue culture infective doses per milliliter; €threshold cycle.

dilution (mean Ct of 36.% 0.3 for assay 1, a mean @ft
38.1+ 0.6 for assay 5, and a mean Ct of 39.8.0 for
assay 3). The LOD for WNV strain Uganda was between evaluated by comparing duplicate Ct values of RNA
107and 1 RNA dilution, which corresponded to .6.7
copies per reaction. The 2@ganda RNA dilution was
detected by assays 1 and 2 anarbored mean Ct values
of 35.0+ 0.1 and 37.3+ 0.6, respectively. Assay 5
displayed a mean Ct of 3&62.3, while assay 4 exhibited
only a single Ct of 39.1. In addition, assay 1 detected 10
Uganda RNA dilution, with a mean Ct of 360L4. Assay
3is designed only for WNV lineage 1 strains. The results yielding a mean Ct of 36.251.34 versu$8.45+ 2.05 for

demonstrate that the new assays 1 and 2 are suitable for

sensitive detection of both WNV lineages.

In addition, both of the new RFqPCRassayswere
evaluated by testing the four WNV strains for which
the infectivity titers in the tissue culture supernatants
were determined: WNV strain NY99 contained&sl0
TClgy/ml, Uganda B956 contained 340 Cllgy/ml, Kunjin

contained 10° TCly/ml, and Sarafend contained 30
TCIRY/mI. The analyital sensitivity of each assay was

extracts of 16fold 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 %Q1(?5 TCllgy/ml, which
corresponded to 14 11 copies per reaction. Assay 1
exhibited a similar sensitivity compared to assay 2,

a solution containing 28 TClgyY/ml. The LOD for WNV
strain Uganda was at a virus titer of I0CIy/ml, which
corresponded to 3 copies per reaction. Again, both assays
1 displayed a comparable sensitivity (mean Ct of 3%.66
0.78 vs 37.45% 0.35). For WNV strains Kunjin
and Sarafend, the LODs were at a titer of 1(p°
TCIRY/ml (4.6 copies per reaction) and 1028
TCIRY/ml (3.2 copies per reaction). Even for
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Table 4. Specificityof realtime quantitative reverse transcription AcknowledgementsThis work was funded by the
polymerase chain reaction (R[PCR) assays fdlurray Valley Federal Minigy of Education and Research in the
encephalitis virugMVEV)Japanese encephalitis vir¢3eY, Yellow YywsSasl NDK 2 y %22y 2 Gad L y T [Ye
fever virus(YFV), andick-borne encephalitis viruSTBEV).*

Threshotl cycle Sources and manufacturers

a. Kindly provided by M. Niedrig, Robéfbchinstitute,

; Flavi (SYBR G Al 1 A 2
Species pan-Flavi ( reen) ssay ssay Berlin,Germany.
WNV (NY99) 22 23 217 b. Kindly provided by A. Muellbacher, John Curtin School ofMedical
WNV (Kunjin) 227 27.8 24.9 Reseach, Canperra, Australia.. . .
WNV (Sarafend) 23.3 258 233 C. Hgalth Protgctlon Agency, Salisbury, Unlted_Klngdom.
d. Kindly provided by F. T. Hufert and M. Whahn, Institutefor
WNV (Uganda) 24.2 25.2 26.9 Virology, Gttingen, Germany.
MVEV 23.6 33.8 No Ct e. QlAam® QuantiTec® RNeas® MinElute® Qiagen GmbH,
JEV 23.9 No Ct 28.4 Hilden, Germany.
YEV 23.9 No Ct No Ct f. Quan.t—IT”V‘, Invitrogen Corp., Carlsbad, CA.
TBEV 243 No Ct No Ct . Eurofins MWG Operon, Ebersberg, Germany.

0 Q

. Mx3000R®QPCR system, Stratagene Inc., La Jolla, CA.
* WNV 5 West Nile virus Ct = threshold cycle.Flavivirus i. Riboprob& Promega Corp., Madison, WI.

speciegderived RNA is calibrated with a SYBR Greenrtireal
RTPCR based on pdtavi primer set.
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Venezuelan equine encephalitis ViWEEV) is anAlphavirusfrom the familyTogaviridaethat causes epizootic outbreaks in

equids and humans in Central and South America. So far, most studies use conventional reverse transcriptase PCReassays for
detection of the different VEEV subtypes. Here we describe the development of a TagMan quantitativee nealerse
transcriptase PCR assay for the specific detection and quantitation of all VEEV subtypes which uses in parallel aquiiversal e
ercephalitis 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 gendbastefn equine encephalitis VirgEEEV),

Western guine encephalitis viru§WWEEV), and VEEV. The new assay provides a reliable -tiigbughput method for the
detection and quantitation of VEEV RNA in clinical and field samples and allows a rapid differentiation from potentially
cocirculating EEEV and WEE¥trains. 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 vird8VEEV), Eastern
equine encephalitis virugEEEV), and Venezuelan
equine encephalitis viru/EEV) are arthropodborne
(arbo) viruses of the genédphavirusof the virus family
Togaviridae To date these viruses are restricted to the
Americas but due to worldwide travelling and trade they
might be intoduced 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 srains)) 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

34

infected with epizootic subtypes by biting mosquitdes

the last decade 662 equine cases with 302 fatalities of
VEE were reported to the OIE and 75,0000,000
human cases with more than 300 fatalities were counted
in the most recent outbreak in Venezuela and Colombia
in 1995 [1]. For some epizootic VEEVtrains a
productive replication followed by successful intaad
interspecies transmission cycles was observed in horses
and humans [5].

In the time period 2007 to 2012 a total of 1926 EEEV
and 3 WEEV associated equine cases were diagnosed in
the UnitedStateghttp://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 aerosoi[7

In general, PCRliagnostic for emerging virusesldress
different questions: for themonitoring during an
epidemic
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TaBLE 1: Primers and probes selecfed equine encephalitis viregpecific quantitative reverse transcription polymerase chain reac

SequencesPh P

Genome position Reference

Target Primer or probe
_ EEE9391
Eastern equine EEE9459c

encephalomyelitis virus

(EEEV) EEE.9414probe

ACACCGCACCCTGATTTTACA
CTTCCAAGTGACCTGGTCGTC
FAM-TGCACCCGGACCATCCGACCT

93919411 (s) [10]
9459 9439 (as)

9414 9434 (s)

TAMRA
. WEE10,248 CTGAAAGTCGGCCTGCGTAT 10,248 10,267 (s) [10]
‘é‘éisgsgl‘oi?;gl‘lﬁs virs WEE 10,314c CGCCATTGACGAACGTATCC 10,314 10,295 (as)
(WEEV) WEE 10,271probe FAM-ATACGGCAATACCACCGCGCACE 11 575 10 903 (s)
TAMRA

AlphaVIR966F TCCATGCTAATGCYAGAGCGTTTTCGCA 1511178 (s)
Venezuelan equine AlphaVIR966R TGGCGCACTTCCAATGTGIAGGAT 24§ 225 (as) ~ Modified [14]
encephalomyelitis virus FAM- )
(VEEV) and sythetic  INEID-VEEV probe  TGATCGARACGGAGGTRGAMCCATCC 193218 (s) This study
calibrator TAMRA

VEE\tCoprobe VIC-CTCCGTTCAATAGIGB-NFQ 1801192 (s) This study

The synthetic calibrator RNA is specifically detected by the VEESprobe in combination with the AlphaVIR966F and AlphaVIR966R primers. Y, |
and M are designed for degenerative bases, where Y = C/T, H = AIC/T, R = A/IG, arid®] Modifications compared to the original sequence as
as novel sequences were indicated in italic f&fdGB: minor groove binder; NFQ: Nonfluorescent quencher.

or for the confirmation of infections from a known
source a PCR specific for someirus variant may be
sufficient. In contrast to prevent the introduction of the
virus into a corresponding region or countiy,is
necessarythe use of an assay with an experimentally
proven capability to detect every known virus variant.
According to thisseveral conventional RPCRs were
developed to qualitatively detect VEEV, EEEV, and
WEEV genome sequences and fiiae reverse
transcriptase PCRs (RJPCR) for EEEV and WEEV
were published [1i0L3]. However, no RIGPCR assay
was available at the date ofirostudy for the specific
detection of different VEEV subtypes. A VEEV
diagnosis is presently confirmed mostly by conventional
RT-PCR using broatlange primer pairs covering the
whole genus Alphavirus followed by subsequent
amplicon sequencing [14]. Recenpublications
experimentally demonstrated RJPCR assays for
detection of the VEEV vaccine strain 383 but without
proven experiment al
sensitivity and efficiency regarding other VEEV
subtypes [15, 16]. In this study we areragtucing a
general purpose, rapid, estep quantitative RGPCR
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 eaphalitis viruses.

2. Materials and Methods

2.1. Primer DesignMultiple 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. Forthis purpose, a total of 33 VEEV sequences
were retrieved from the GenBank database. Published
broadrange primers, which target the nsP1 region of

Alphaviruses and previously used within a conventional
RT-PCR protocol [14], were modified by the insertain

a degenerated base in each of the forward and the reverse
primer and complemented with a FAM (6-
carboxyfluorescen) labelled probe, which specifically
targets VEEV sequences (Table 1) and enables the
application of a quantitative reime RT-PCR proocol.

2.2. Quantitative Realime RTPCR (RTqPCR).RT-
gPCR was carried out by using a commercial kit
(QuantiTect RTPCR kit, Qiagen, Germany). After the
reverse transcription (50 for 30 minutes) the DNA was
denatured (9% for 15 min). Amplification cyds
included denaturation (96 for 15 sec), annealing (85

for 30 sec), and elongation (Z2for 30 sec) steps. Ct
values were determined by the CFX96 software {Bio
Rad, USA).

2.3. Synthetic Calibratoifo determine the copy number
of viral genomes a syinetic calibrator was developed,

d e mo n s whict doppises a TF RNA golgmerase omnptér aind

the target sequences for the -BFCRs of EEEV,
WEEV, and VEEV (Figure 1(a)) cloned into the pCR2.1
vector (Eurofins MWG Operon, Germany). The EEEV
and WEEV sequences includargets 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 aginal virus sequence vyet
maintaining the same nucleotide composition. In
addition, within the VEEV target region the original
virus sequence@CTGGCTTCAAAAC-36was changed

to 56CTCCGTTCAATAG30in order to discriminate
unambiguously the synthetic RNA froviral 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

| lm
VEEV TAATACGACTCACTATAGBBTGCTAATGCCAGAGCGTT GGATGGGTCCACCGTTTCGATCAGACACGATCCTTGGACATTGGAAGTGCGCCA
ATTATGCTGAGTGATATCCCAGGTACGATTACGGTCTCGCAABBGASEATATIACCCAGGTGGAGGCAAAGTEAGIAGGAACCTGTAACCTTCACGCGGT

119 188
| |
EEEV ACACCGCACCCTGATTTTCBABGTCGGATGGTCCGGGTGCATGCTGACGACCAGATCACTTGGAAG
TGTGGCGTGGGACTAAAATGTAEGCCTACCAGGCCAMBENTGCTGGTCTAGTGAACCTTC

189 255

| |
WEEV CTGAAAGTCGGCCTGAEPIGTGCGCGGTGGTATTGCCGTATTGGATACGTTTGTCAATGGCG
GACTTTCAGCCGGACGCATERCSCGCCACCATAACGHTINTT GCAAACABTCGC

(@
Amplification Amplification
2000 . Standard curve e e 2000 —_Standard curve
Ny - « o = (l
1500 - 1. ..... - 1500
234567891011 ‘ ' 234567891011
Log starting quantity Log sta.rling quantity
) L i ; / -] .
1000 5 4P Z 10007 2
500 ... s00f . .
0: [1 ) —
0 10 20 30 40 50 0 10
Cycles Cycles
Calibrator (VEEV primer/probe): Calibrator(EEEV primer/probe):
RImInnnT &fERIIS2%I L 0o ZHHC R2=0,995;slopel’ b 0 = M0V B%
Calibrator Co probg:
R2=0,999;slopel’ b 0 X E=00d, T%
(b) (c)
Amplification
2000 - Standard curve
2{-
-~ 22
1500 4 12 -
234567891011
Log starting quantity
E B
ez 1000 4---- - -
500 4
0+ e e e
0 10 20 30

Cycles

Calibrato (WEEV primer/probe):
RAI'MEnnnT afex1082 bosHnnT

(d)

Figure 1: The nucleotide sequence of the synthetic construct usedilioation of the EEVspecificRT-gPCRs (a). The target sequences
(underlined) for the specifiRT-gPCRs are cloned intihe vector pCR2-TOPO. Within the VEEV target region a modified sequence
(framed) allows the differentiation of the synthetic calibrator from viral sequences. Nucleotide exchanges are indiedted in r
Amplification curves of theRT-gPCRs specific for VEE (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. Standardsee
enclosed boxed figures) were obtained by Qieslplotted against the log of the starting quantity. Calculated correlation coeffidfnts (
slopes, and amplification efficiencie®)(are depicted below the corresponding figures.
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Table 2: Sensitivity of RIgPCR assays for VEEV, WEEV, and EEEV Bstsaand determination of copy number.

RNA Dilution Ct Copies/ul
10° 27,94 70200
10° 30,69 8840
10% 33,75 894
VEEV 10° 35,51 240
10° 37,24 66
107 no Ct 0
10° 21,76 2880000
10° 25,13 216000
10* 28,64 13780
WEEV 10° 31,1 2060
10° 32,38 736
107 no Ct 0
103 29,67 12760
10* 32,55 1212
EEEV 10° 34,22 316
10° no Ct 0
107 no Ct 0

a control probe (Tablel, VEEZoprobe). The plasmidwas limit of detection (LOD) corresponded to 66,2 copies' fher
linearized withXba and subsequently transcribed into RNA (Ct = 37,24) for VEEV (TE83 strain), at 736 copies (Ct =
and the DNA degraded usj the Riboprod®Combination  32,38) for WEEV (McMillan strain), and at 316 copies per
System, T3/ T7 RNA Pol ymer @k €t =3R21pfonEBGERY (New Jeseay rsteaifljable 2)0 s ,
Madison, WI, USA), and the QlAamp Viral RNA Mini Kit Since standard curves form part of every run, the copy
(Qiagen) was used for RNA isolation (without carrier RNA).number from each analysed sample can be determined.
The RNA concentration was estimated with the Qughtlt Therefore samples with copy numbers above 1 copylper
RNA Assay Kit, BroadRange (Invitrogen). The copy (the theoretical detection limit) are considered to be positive.
number of the synthetic RNA was calculated from the RNAVEEV specific pimer/probe combination did not detect
concentration and the molecular mass of the RNA transcripbther equine encephalomyelitis viruses (EEEV, WEEV)
(Figure 2) or closely related species (Chikungunya virus,
Sindbis virus, and Ross River virus; data not shown).

3. Results and Discussion To further assess the performance of the VEEV spdrific

In the here presented study, we are introducing a rapidfPCR we used 15 synthetic RNA constructs (sVEEV)
sensitive, ad reliable onestep quantitative RPCR assay encompassing the target region and representing 10 different
for VEEV as well as a synthetic RNA construct which canVEEV subtypes (Figure 3(a)). This included all
be used as calibrator for the quantification of alpha virugombinations of observed mutations in the primers and
associated equine encephalitis viruses. PCR was carried qubbe target regions. SVEEV were designess

on serial dilutions of the synthietRNA in a onestep RF  oligonucleotides with a&T7 RNA polymerase promoter
gPCR and Ct values were eventually plotted proportionallgequence and were transcribadritro as aforementioned.

to the logarithm of the input copy numbers to produceAll VEEV subtypes were successfully detected by the novel
standard quantitation curves. Negative controls wer®T-gPCR assay with a suitable sensitivity and high
included in each run. The synthetic RNA was concurrenthperformance as demonstratedibgar standard curves over
amplified using primer and probes for VEEV, WEEV, and 5 logs (Figure 3(b)).Y2 values and slope indicate good
EEEV, respectively (Figures 1{d)(d)). In addition the precision and high efficiency (Table 3). To evaluate the
synthetic calibrator was amplified with primer for VEEV effect of nucleotide changes to the PCR amplification
and detected by the VEEWoprobe. Both assays run efficiency we applied the relative threshold cycle (RTC)
independently in a singiglex format. All four sandard  method, which refers to mean-@ifferences (meanCt) of
curves exhibit a correlation coefficier#99% and an the corresponding SVEEV template compared to the
amplification efficiency of about 10307% over a linear unmodified template [18]. The data indicate that most
range of 18to 10 copies. Based on the correspondingnucleotide changes exhibited only small or moderate
standard curves the sensitivity and viral load for differenteduction of the RTC efficiency. Only sVEEM,
EEV strains in concuent runs could be determined: the representing one variant of
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TaBLE 3: Relativethreshold cycle (RTC) amplification efficiencies of synthetic VEEV (SVEEV) RNA constructs.

Temolate SVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV sVEEV
P -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 -11 -12 -13 -14 -15

Dilution Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct Ct

104 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 24,6 215
10° 21,4 244 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° 252 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
107 289 318 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
108 318 346 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

-2,99] 291 -305 -31 -3,16] -308 -316] -2,98 -2.85 -292] -295 -317] -3,18] -2,99] -3,00|

Slope | R? 0,9969 0,9959 0,9992 0,99% 0,9998 0,9998 0,9992 0,9993 0,9999 0,9999 1 0,9997 0,9999 0,9999 0,9998
I\gz(a:nt 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

NnCtis calculated as mean difference of corresponding Ct values compared to unmodified reference templafeav&fs\all template dilutions. RTC
is calculated according RTCZnCt.

Amplification

1600

Sampé Ct
36,26
VEEV 35,48
30,85
N/A
EEEV N/A
N/A
N/A
6004 ... o WEEV N/A
400d Ce N/A
: : : : A
Blank N/A
N/A

Amplification

1400

1200

1000

2
Z 800

200 R T T et e e et

— VEEV WEEV
~ EEEV Blank

FIGURE 2: Specificity of the VEEV specific primgrobe combination. gcific amplification of VEEV derived RNA (red) by RT
gPCR. 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 efficiendiie introduction of any virus variant into a so famsifree
which is probably cased by 13 nucleotide exchangesegion or country.

compared to the reference template. In summary this assay

can b_e used whe_r?evgr a sensitive and _-tﬁgcbughput 4. Conclusions

detection or quantification of VEEV RNA is needed, for

example, for confirmation of virus presence in patienté/e report here the first experimental evidence of a
during infection experiments or large screening of fielguantitative reatime RT-PCR assay for the sensitive and
probes. But it is particularly useful when a proven applicatigRecific detection of all known VEEV subtypes or sequence
for the detection of all known VEEV variants is required, fofariants. The synthetic calibrator RNA allowthe
example, to prevent determination of
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Template Subtype Acc. nr 1l 10 20 30 40 50 60 70 80 90
| | | | | | | | | |
TG 83 IA/B L01443 COA\TCCTAATCCQAGAGCGT TTTOGCATCTGET TCAAALTCGATCCAAAGBRGAGRCCATCAACACCGATCA TGACATTGRAGTAOECCC
sVEEV1 IC KF985959
SVEEV2 IC KC344484
sVEEV3 ID L00930 .........
SsVEEV4 ID KC344507
SVEEVS5 |E KC344432 ...
SVEEV6 |E KC344527 ..
SsVEEV7 |IE KC344439 .........
sVEEV8 IF AF075257 ...
SVEEVO Il AFO75251 ...oovveeieeiiiiiieeeee s
sVEEV10 IlIIA AF075253 .......
sVEEV11 llIB AF075254 ............
SVEEV12 [lIC AF075255 .........
sVEEV13 IV AF075256 .........
sVEEV14 VI AF075258 ............
SVEEV15 VI AF075259 ....cccccceeveiiiiiineeee,

— -4

Ct

Log dilution

—-  SVEEM SVEEW
—&-  SVEEV —-  SVEEMO
—+—  SVEEW —#-  SVEEM1
—X-  gSVEEM SVEEM2
%~ SVEEW% T SVEEM3

SVEEM SVEEM4
~  SVEEW SVEEMS5
—— SVEEM

(b)

Ficure 3: Comparison of the consensus sequences of different VEEV subtypes. (a) Sequences of synthetic RNA constructs (sVEEV)
encompass the teegregion of the VEEV specific RGPCR. 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 \BY as well as WEEV and C. H. Calisher and D. E. Griffin, Eds., vol. 18 Afchives of

EEEV by a onestep RTqPCR reaction. Virology, Supplementgp. 43 64, Springer, Berlin, Germany,
2004.

. [5] O. M. Suarez and G. H. Ber-gol d,
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163 serum samples (62 from camels, 8
from cattle, and 93 from small
ruminants) ). RVFV RNA was
isolated from serum samples as
described previously 5f. Further
molecular testing of the samples was
conducted by a SYBRGreeibased
reattime reverse transcription PCR
(RT-PCR) adapted from a conventional
RT-PCR and based on generic primers
(bun_gr o u@QIGETAACAC- 5 Nj

CAGCAGTACTTTTGAG3 Nj and
bun_gr o UTGCGAGEGTAAR]
ACCATCGTCAGGAACTG3 Nj) t he
target a 256t sequence of the S

Ngari Virus in segment of Bunyamwera serogroup

members §). Realtime RT-PCR was

Goats duri ng Rift performed in a CFX 96 redime PCR
system (BieRad, Hercules, CA, USA)

Val | ey Fever by using 5¢L RNA with a QuantiTect
SYBR Green RIPCR Kit (QIAGEN,
OUtbreak; Hilden Germany) in a final volumef
: : 25¢L. Cycling conditions included RT
Mau ritani a1 2010 at 50°C for 30 min and 95°C for 15 min,

followed by amplification with 44

To the Editor: Ngari virus  cycles of 95°C for 15 s, 55°C for 25 s,
(NRIV) is a singlestranded RNA virus  72°C for 30 s, and 77°C for 5 s. A
belonging to the familBunyaviridag¢  melting curve analysis was then
genus Orthobunyavirus The genome performed starting with 95°C f@0 s,
comprises 3 segments, the small (S),and a temperature gradient was
medium (M), and large (L) segments, conducted from 68°C to 94°C in
which encode the nucleocapsid (N) increments of 0.2°C.
protein, the 2 glycoproteins Gn and Gc,
and the RNAdependent RNA Of the 163 serum samples tested, 2
polymerase, respectively. Sequencesamples from goats resulted in a
analysis showed that NRIV is a positive signal with cycle thresholds of
reassortant between Bunyamwera virus23 (sample 51) and 28 (sample 65),
(BUNV) and Batawirus (BATV), both  respectively. Both sangs showed
from the genu®rthobunyavirusSand s i mi | ar mel ting pea
L segments derived from BUNV, and shared the identical partial nucleotide
the M segment derived from BATV sequence of the S segment. The
(L2). NRIV is more virulent than sequence belongs to the Bunyamwera
BUNV and BATV and is associated serogroup, but the short partial
with hemorrhagic fever. NRIV was first  sequence was not sufficient for accurate
isolated  from Aedes simpson virus determination and idgfication.
mosquitoes in 1979 and from humans in For this reason, both serum samples
1993, both in Senegad), During 1997  were used to inoculate cell monolayers
and 1998, humans were affected with of Vero E6 cells that were assayed for
hemorrhagic fever diseases in Kenyavirus replication. Only sample 51
and Somalia that were caused by Rift displayed a cytopathic effect after 72 h
Valley fever virus (RVFV) and by and was further analyzed. We isolated
NRIV (2,4). the viral RNA fran cell culture with

In 2010, during an ongng RVFV TRIzol reagent

outbreak in Mauritania, we collected

Emerging | nf ec wiwocdsgovizid e &0és R0, No201412, De
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(Invitrogen, Carlsbad, CA, USA) and LETTERS

used it to prepare a sequencing library

according to a recently publishedand humans needs to be cladfie ver, affected humans also sho

protocol () but using lllumina No further information aboutbe tested for NRIV infectior

adaptors (lllumina, San Diego, CAgjinjcal signs of sampled animalsFurther development of specific

"."SA)' We. sequenced t.he re;ultmgr reports of human NRIV cases iimolecular and serologic diagnos

library using the Illumina MiSeq . . . .

instrument with v2 chemistry. available. Because mfecyon withtools fqr NRIV s_hould pe pursue
both RVFV and NRIV induces to obtain more ifformation abou

We recovered fu."ength genome hemorrhagic fe NRIV distribution in
sequences of the S, M, and L segments A w| Noar virus sisain Dakar D28842/4s
Ngari virus strain Dakar D28542

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 Bunyamweta virua strain AB28215

segments (fgiure). As for all previous Bunyamwera virus AF325122.1

NRIV strains, the new isolate was . (— Batai virus strain UgMP-8830
highly similar to BUNV regarding the Batal virus strain MM2222

S and the L segment (Figure, panels A, Rift Valley fever virus strain ZH-548

C); the M segment was highly similar —_
to BATV (Figure, panel B).

& Ngari virus strain 9800521

Ngari virus strain 8800535

Ngari Mauritania <+
Ngari virus strain SUD-HKV141
Ngari virus strain SUD-HKV66
Bunyamwera virus strain ArB29051
Bunyamwera virus NC_001827.1

B wo [ Ngari virus strain 9800521
This evidence supports the w [L Ngari virus strain 9800535
extension of the range of NR u|-Ngad Maurtania  d——

Ngari virus strain Dakar D28542/4e
Ngari virus strain Dakar D28542
Ngari virus strain SUD-HKV141
Ngari virus strain SUD-HKVEE
Batai virus strain UgMP-6830

Batai virus strain MM2222

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 s st Sl B
additional report of NRIMnfected ﬂhmmmmmcﬁms_1
sheep (@ 1988), also in Mauritania, BLCMA Bunyamwera virus M11852.1
although no further characterization or Rift Valley fever virus strain ZH-548
isolation has been conducted).(Both —

NRIV-positive samples were negative

for RVFV RNA but positive for C wo | Ngari virus strain 9800521
RVFV-specific IgG. In addition, 1§ Ngar virus strain 9300339

Ngari Mauritania 4
Ngari virus strain SUD-HKV141
Ngari virus strain SUD-HKVE6
MNgari virus strain Dakar D28542/4a
Ngari virus strain Dakar D28542
Bunyamwera virus NC_001925.1

sample 51 contained IgM against
RVFV (5), indicatng 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 punyamera s XI43821

————— Balai virus strain MS50
deduced NRIV N sequence, cress L Batal virus sirala UgP.8830
reactivity is highly unlikely but needs A&Bami virus strain Chittoor/IG-20217
to be substantiated. Both samples Batai virus strain MM2222
originated from the Adrar region, Rift Valley fever virus sirain ZH-348

which was the center of an unusual =

RVFV outbreak in Mauritania in 20:I-q:igure. Phylogenetic tree of Ngari virusi derived A) small (975 bp), B) medium (4,507 bp),
(20). and C) large (6,887) segment sequences of Bunyamwera and Batai viruses compared with

The possible clinical importancesolate obtained from a goat in Mauritania in 2010 (arrows). The tree was constructed on
to livestock and the circulation Ofthe 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

NRIV among mosquitoes, livestock,
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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 esuntri
Hepatitis E is a zoonotic disease and accumulating evidence indicates that domestic pigs and wild
boars are the main reservoirs of HBVA detailed analysis of HES subtypes could help to
determine the interplay of human activity, the role of atsnas 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 analysidjich uses regions from all three open reading frames of the
genome. Using this approach, more than 1000 published3HEulates were subtyped. Newly
recovered HEV partial sequences from hunted German wild boars were also included in this study.
These segences were assigned to genotype 3 and clustered within subtype 3a, 3i and,
unexpectedly, one of them within the subtype 3b, a firstmonan 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 inv@doped 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 stilineonaclear. Reports
of transfusion and transplant related infections exigB]jlbut accumulating evidence suggests that
hepatitis E is a zoonotic disease with domestic pigs and wild boars being the main reservoirs. Moreover
the consumption of undercoet meat products poses a risk for HEV infectidirv]4

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], Germdny [11
15], Hunaary [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 to180% of the
animals worldwide and usually occurs at the agé dfrAonths [26].

The virion is approximately 284 nm in diameter and most likely icosahedral. HEV has a positive
sense singkstranded RNA genome of approximately 7.2 kb, which contains a short 5' untranslated
region (UTR), a short 3' UTR and three open reading frameB10OBRF2 and ORF3) [27]. The ORF1
encodes for viral nestructural 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 completgl overlapped by the ORF2 and codes for a small phosphoprotaboaf 114amino
acids, which is putatively responsible for the virion egress from infected cells [29].

A new proposed consensus for the HEV classification [30] dividesidpeviridaefamily in two
generaOrthohepeviruandPiscihepevirusThe latter includes only isolates from cutthroat trout so far.
The genu®rthohepeviruss further subdivided into four speci€drthohepeviru®A with isolates from
human, pig, wild boar, deer, mongoosahliit and camel, an@rthohepeviruB, C and D with avian
and other mammal isolateé3rthohepeviru\ is subsequently divided into at least six genotypes (HEV
1, HEV-2, etc). HEV-1 and 2 include exclusively human HEV strains, whereas-3E&vid 4 can also
infect other animal species, particularly domestic pigs and wild boar. The separation in anthropotropic
(HEV-1 and-2) and enzoonotic (HEN8 and-4) forms may have occurred more than 500 year ago [31].

HEV-1 is found in Asia and Africa [32], whereas HE2Mvas first isolated in Mexico [33] and later
in Africa [34]. HEV-4 includes strains from sporadic human HEV cases in Asia [35]-8lt¥s 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 netnavel associated autochthonous cases. The origin of infection remains
unclear for most of the autochthonous cases, however, often the sustie¥tedurces are domestic
pigs and wild boars [39]. Similar increases are also reported in other European countries [40].

The role of different HEV3 genetic variants in the evolution of the disease [1,7,39,41,42], the
possibility of tracking the routes affection and the influences of human activity on iti[48] 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 scheyed 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 [1kedpanse 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 HE® and of the set of reference sequences. We carried out the classifitation o
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 sanples were collected from wild boar hunted in MecklenbBMegstern Pomerania during the
seasons 1996/1997 (955 samples) and 2005/2006 (58 samples). Liver samples were collected it
2009/2010 from 134 animals hunted in the region of Greifswald and from affiehérom Western
Pomer ani a. Al | samples were stored at 180 AC |
Mi ni Kit (Ql AGEN, Hi l den, Germany) according t
was used as internal extraction conf4d].

2.2. Primers and Probe Design

For primer and probe design, an alignment of 351 HEV sequences was constructed using the Vectol
NTI Advanced v.10 (Invitrogen, Carlsbad, CA, USA), BioEdit v.7.0.5.3 [50] and MEGA v6 [51]
software. This alignment wasamually curated using both the nucleotide and the deduced amino acid
sequences. Very similar sequences were not included (more than 99% identity), FE\M3 and-4
genotypes were included (with preference to genotype 3), covering all subtypes, aditigntBl CG
(48 of them cited by Let 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 primer:
were selected from this alignment, whichget different regions of the genome. Previously published
primers [14] were used to amplify an RNfependent RNA polymerase (RdRp) region. A novel
diagnostic quantitative reime RT-PCR assay (QRPCR) that targets ORF3 was also designed, which
we alrealy used in a recently published work [52]. Primer and probes used are listed in Table 1
(nucleotide positions refer to FJ705359, strain woGER27, a German wild boar isolate [14]) and were
included in the GenBank sequences entries.
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2.3. PCR

2706

The diagnostigcreening RIGPCR was performed using the QuantiTec Probd’RR kit (QIAGEN)

in 25 uL reaction volume. In all reactions, the final concentration of each primer was 0.8 uM, and of the
probe 0.1 uM if present. A volume of 5 pL of the RNA eluate was addesirdverse 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 ingtstudy. All nucleotide positions refer to FJ705359 (strain
wWbGER27, a German wild boar isolate). Abbreviations: open reading frame (ORF), hyper
variable region (HVR), RNA dependent RNA polymerase (RdRp).

Region Nameand Product
Internal Length (nt) Primer Name Position Sequence Step Length (bp)
HEV.ORF1 F1  33i58 CCCAYCAGTTYATWAAGGCTCCTGGC RT.PCR 403
HEV.ORF1 Rl 497525  TGCARDGARTANARRGCNAYNCCNGTCTC
ORF1-5 HEV.ORFL F2 98126 AAYTCYGCCYTGGCGAATGCTGTGGTGGT nested PCR 302
This study
HEV.ORF1L R2 3771399  CCVCGRGTNGGRGCRGWRTACCA
HEV.HVR F1 20692091 TTYTCYCCTGGGCAYMTYTGGGA RTPCR 201
HEV.HVR R1 24412469 TTAACCARCCARTCACARTCYGAYTCAAA
HVR :
for Qenotvoe 3 HEV.HVR F2a 21352157 ACYTGGTCHACATCTGGYTTYTC
o e 9 HEV.HVR_F2b 21652184 TTYTCCCCYCCTGAGGCGGC nested PCR 263 or 203
HEV.HVR R2 24052427 TACACCTTRGCSCCRTCRGGRTA
HEV-cs 41814203 TCGCGCATCACMTTYTTCCARAA
280 (ﬁgﬁpﬁg D HEV-cas 46284650 GCCATGTTCCAGACDGTRTTCCA RT-PCR 469
(Johneet al.2010) HEV-csn 42874311 GTGCTCTGTTTGGCCCNTGGTTYMG nested PCR 330
HEV-casn 45924617 CCAGGCTCACCRGARTGYTTCTTCCA
HEV.ORF3_F1 51265145 MGGKTRGAATGAATAACATG
HEV.ORF3 R2 54305451 GGCGCTGGGAYTGGTCRCGCCA RT-PCR 326 0r 362
ORE3 HEV.ORF3 Rl 54675487 CAGYTGGGGYAGRTCGACGRC
225Tf15i522fu5£,29) HEV.ORF3_F2 51845204 GGGCTGTTCTGTTKYTGYTCYTC
HEV.ORF3_R2 54305451 GGCGCTGGGAYTGGTCRCGCCA nested PCR 219 or 269
HEV.ORF3_R2a 538245401 CGAGGGCGAGCTCCAGCCCC
modfied DiagnosticgPCR ey, £y 52785294 GTGCCGGCGGTGGTTTC
. HEV.Fb 52785296 GTGCCGGCGGTGGTTTCTG
s Cmssssetgtd;’l aznodl 5  MEVR 53405359 GCGAAGGGGTTGGTTGGATG RT-gPCR 81
: HEV.P 53005320 FAM-TGACMGGGTTGATTCTCAGCGBHQL
HEV.ORF2 F1 62056223 CDGCNACYCGBTTYATGAA
HEV.ORF2_Rla 65736598 GTKAGRGARAGCCAWAGYACATCATT RT-PCR 393
ORF? HEV.ORF2 R1b 65736598 GTRAGNGADAGCCACARRACATCATT
187 (62776488)
This study HEV.ORF2_F2 62766301 GCBYTHACNYTRTTYAAYCTTGCTGA nestel PCR 241
HEV.ORF2 R2 64896517 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 sequeradiaxribstic gRT
PCR amplicon and included the T7 promoter sequence at&mel $50rin vitro transcription. The RNA
synthesis and DNA degradation were carried out by the Ribdp@bmbination Systeth T3/T7 RNA

Pol

ymer as e

( Pr omega, WoUSA)pana the QlAams Viral RBAI Misi din

(QIAGEN) kit was used for RNA isolation (without carrier RNA). The RNA concentration was
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estimated with the Quaitt E RNA Assay Kit, Broad Range (1l nv
dilution PCR.

For genotyng, the initial RFgPCR was performed with the QuantiTec SYBR GreerPRR kit
(QIAGEN) in 25 pL reaction volume using 5 pL of the sample RNA. The thermal profile applied was:
30 min at 50 °C for RT, 15 min 95 °C denaturation/activation followed by diesypf 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 pL of the
Maxi maE SYBR oBCRMastér RiOKt (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. Seqgancing, Phylogenetic Analysis and Classification

RT-PCR or neste®?CR products were directly sequenced with the corresponding forward and reverse
PCR primers using the BigDye Terminator vi1.1
Genetic Analyze 0 ( Applied Biosystems, Waltham, MA, US

The newly generated sequences were manually inserted in theahgmtnent previously used for
primer design. This mukalignment was updated with new HEV sequences (NCBI,-2@115), up to
more than 1400 segquces (Supplementary Table SO01), mainly genotype 3 (near 1300 sequences). This
included all HEV3 sequences longer 1000 nt, all HEV NCBI nucleotide entries with the keyword
AGer many o, t he 1 3 5etal82] angl ontleee sequences feooh anbuye word, but
particularly from other European countries. The evolutionary history was inferred by using the
Maximum Likelihood method based on the Kimurpd&ameter model [53]. The trees with the highest
log are shown. The percentage of trees (bapstalues for 500 replicates for the first CG d&remnd
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 Neigimba (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, Wwrdnch lengths measured in the number of
substitutions per site. Codon positions included weter 12" + 39, Evolutionary analyses were
conducted in MEGAG6 [51]. The alignment in FASTA format and the auxiliary worksheet for
classification, selection aralitomatic 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 qui
selection of all the sequences spanning a given genomic region, which canh iheaBgnment
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 dasubsequéneerclassifications anly if thedreerepm@duced the
same topology as the tree for CG and if the clade was supported by bootstrap values of more than 70%

That is: HEM3 sequences were | abeled as firefernence
determined. We assumed that all sequences from one strain represent the same genome sequence, an
one of them was | abeled fAireferenceo, all the o
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3. Results
3.1. HEV RNA Detection

HEV RNA was detected in 32 out of 955 blo@uargples 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 AM@$88d WS099)

from individual hunts were also positive. All HEV RNA positive samples wetested with the PCR

for genotyping, and partial sequences from 12 animals couletbgered and subjected to phylogenetic
analysis.

3.2. Phylogenetic Analyses

A reference phylogenetic tree was constructed based on 166 CG sequences, including eight Germa
HEV isolates and 98 strains of genotype 3 (Figure la, which corresponds to &igufd2]). The
hypervariable region (HVR) (2148358 nt) was excluded from this analy#\l. nucleotide positions

refer to sequence M73218. This tree confirmed a good separation of tha HBW all other HEV
genotypes. The sequences clusteredintofoumonophyl eti ¢ groups: n3j)ab
A detailed overview of the HEN3 clade is shown in Figure 1b.

b , MW £
m Aszgosv .

CG - [HVR] L
28-7135 - [2146-2358] nt ;

166 sequences

100

Figure 1. Cont.
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Figure 1. Molecular Phylogenetic analysis of 166 complete HEV genomes by Maximum
Likelihood method based on tiKk@mura 2parameter 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 NeighbotJoining 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 treags drawn to scale, with branch lengths measured in the number of
substitutions per site. All positions with less than 95% site coverage were elimiFfztesl.

were a total of 6868 positions in the final dataset. Evolutionary analyses were conducted in
MEGAG. (a) Global view of the unrooted tree, which corresponds to Figure 4 gt bl



Viruse2015 7 2706

[32]; (b) Detailed view of the HEM3 clade. (*P references sequences cited by Lu; HRC
HE104 strain used in the HEV RNA WHO standard;dtvild boar.See Supplementary
TableS01 for more informatian

The analysis was continued only with HBY excluding the rabbit sequences, which form a well
separated clade.

Comparisons amongst complete HBWenomes display different levels of diversity within this
genotype (Figure 2). Thanalysis of the frequency of corrected distances between sequences shows a
possible separation around 0.14 substitutions per site. Sequences with lower differences belong to th
same subtype. The graphic of the frequencies depicts two additional inteymexhilis, which are the
basis for the definition of groups (3jab, 3chi and 3feg) and of major cladéje® and 3chi) and-8
(3feq) [54] (Figure 2).

The newly obtained tree (Figure 3a) for complete HE§enomes further segregated the sequences
in subtypes clades 3j, 3a, 3b, 3c, 3h, 3e and 3f. This classification was supported by bootstrap values o
99%i 100%. Subtypes 3i and 3g were represented by individual isolates. Nixetlythese sequences
were mar ked as dref er en ¢ &aman Sirairs werd groapechirsthev@a 8ce 1
3i, 3e and 3f subtypes. This Figure represents our best approximation to the true topology and display:
the reference structure for all subsequent trees.

400
350
300 @
-
w
3]
250 = 51
& = &
g 3 S
200 & &b 8

150 === |ntra subtype

=p=— Between subtypes

100

Number of comparisions

50

0,000 0,050 0,100 0.150 0.200 0.250 0.300

Distances, in substitutions per site (corrected)

Figure 2. Frequency diagram of corrected distancesvieen 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 cladekahd 311 (Norder, 2009). Pairwise distances

were estimated using the Maximum Compositeelihood (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. Molecula phylogenetic analysis ofa CG-[HVR] : 97 complete HEM3 genomes, excluding the HVR (M73218:2121358 nt); )
ORF1.1860nt: 96 partial HEV3 genome sequences spanning the regiéod 52 nt, which correspond to a
obtained irthis study from the animal WS@®; () ORF1.318nt 124 partial HEV3 genome sequences spanning the region Burma.M73218:
611378 nt approximately correspond to Figure 2 in [ 32]0740TJQ808482 o f
and JQ807479 (Bugewitz strain). Detailed view of the sequences used in b and ¢ can be seen in supplementary Figur@®. 3013and S
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HVR.319nt 8

2094-2412 nt ORF2.187nt %ﬁ%ﬁ?ﬁ 39."9
126 sequences RdRp.280nt 6277-6463 nt S
—_— 4284-4563 nt 124 sequences

02 147 sequences a

Figure 4. Molecular phylogenetic analysis of)(HVR.319nt: 126 partial HEV3 genome sequences spannirg riagion 20942412 nt. The

branches for sequences AF455&ytand JN564008a are very large and have been truncated, including eight of the sequences obtained in

t hi s s tbuyRORp.280at)147 pértial HEV3 genome sequences spanning the regioni4B®8 nt, including three of the sequences

obtai ned i n ctORF2s187st:1124 ghartial HEW3 gendme sequences spanning the regioni@Ba nt, including five of the
seqguences obtained in this study Z)0)NL W36 samd | NpDWIL 65 famdn 3rd+3 f

NLSW99 (see discussion). Detailed view of the sequences can be seen in supplementary Figho8s SO07
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Figure 5. Scheme of the alignment of the deduced amino acid sequences including the
HVR, which is flarked 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 MEGAG (screenshot).

Each sequence in the alignment was analyzed by constyactiee based on its exact (or near equal)
length and including all the other sequences that span the region. More than 50 trees were analyzed, ar
as a result 68 more sequences were selected ¢
construted 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 representati
tree based on 96 partial sequences spanning a region of 18&6tiaecfrom 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 n
bootstrap value support. This goes along with an increasing number of kvadauences, better
reflecting the HEV3 diversity (Supplementary Figure SOBhe tree based on a 3h8cleotide region
from the 56 sect i oni37mfORELBENt)vehichinilades the alignment af 124 6 1
partial sequences, is shown irg&ie 3b. Newly recovered sequences from German wild boar isolates
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could be classified as subtype 3b (isolate W89Band as subtype 3i (isolate WSI®). Isolate WS34
10 was tentatively assigned to subtype 3b.

An overview of all the newly classified isies from MecklenburgVestern Pomerania and the
corresponding accession numbers are depicted in Supplementary Table S02. A phylogenetic tree base
on a 242nucleotide region (positions 12866 nt, ORF2.242nt) including 294 isolates is depdsite
Supplematary Figure S03a.

The HVR (nucleotide position 2148358) was found to be particularly variable and was therefore
manually aligned considering the deduced amino acid sequences. A scheme of a protein alignment o
this region is shown in Figure 5. The losgstable HVR was found in strains of the subtype 3f, which
were isolated from humans in France and Spanish pigs. In comparison, all other isolates containec
shorter sequences without changing the coding frame. A tree based enuckide region (posdn
2094 2412) with 126 partial HEM8 nucleotide sequences is shown in Figure 4a. This grouping assigned
the strain WS03/09 to subtype 3b, the two isolates \AWIEBdnd WS35L0 were associated only weakly
with subtype 3a and five isolates (WS08, WS2110, 5160, 5304, 432 clustered within subtype 3i.

A tree for 147 partial sequences within the RdRp region (280 nucleotide length, positiods&ZB84
RdRp.280nt, Figure 4b, which approximately corresponds to Figure 6 presenteddbyal (32])
reproduceda 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 isolated-\Band WS28L0 to subtype 3a.

Finally, we carried out a phylogenetic analysis with sequences of tR& Qisition 51805404,
ORF3.225nt, Supplementary Figure S10/S11) and ORF2 (position &3, ORF2.187nt in Figure
4c, which partially correspond to Figure 5 in [32]) including 114 and 124 sequences, respectively. In
both cases, monophyletic groups weot 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 (i
possible) assuming the subtype of the nearest sequences. Using ORF3 derived sequenag@seave ass
three isolates to subtype 3a (isolate 8603, isolate 4701 and 4973), isolat®OW®0@, three isolates
(WS2810, WS3410, WS3510) weakly to 3b and two isolates to 3i (WSIH WS2110) In the case
of partial ORF2 derived sequences, two isolaggsegated to subtype 3a (8603, 4701) and three isolates
into subtype 3b (WS340, WS3510, WS0309).

In summary, twelve new isolates from Germany were analyzed using partial sequences from different
regions of the genome (Supplementary Table S02). Mae 11200 publicly available sequences,
representing more than 1100 isolates, were subtyped accordingly and are listed in Supplementary Tabl
S01. The classified strains are summarized by geographic region, subtype and host in Table 2.

57



Viruse2015 7

Table 2. Subtype distribution of the 1109 isolates of genotype 3, represented by the 1283
sequences analyzed. Summarized by continent, country, and d@in@en in order:
humanoépi gowi |l d
pig; 3 isoktes 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 &liologic
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 Suppi@md-igure

S13, which can also be explored interactively.

ani mal

6ot her

For

exampl e

Origen 3 3jab 3chi 3feg Total
3a 3b 3d 3 3h 3L 3i 3c 3e 3ef 3f 39 3k
Africa 7 7
CMR 06 4 064
MDG 06 3 063
America 27 2 2 15 47
ARG 1 361 561
URY 10 10
BRA 061 061
cuB 706 766
CAN 61 161 3d
MEX 06 061
USA 66406061 664060
Asia 18 67 3 3 3 13 1 5 1 114
CHN 161 063 164
JPN 10063062800601262315 463064 46080
KOR 062 062
KGz 061 061
MNG 061 061 062
NZL 161 1 261
THA 481 461
Europe 8 59 2 10 25 277 326 2 208 9 940
ESP 06006050 060060 ¢ 062 7627060 7629060
FRA 1 361 361 4616061 2469 3561260
GRC 1 263
ITA 1 061 062 163
AUT 64 161 165
NLD 610 160622626001 5633060 24067406
DEU 4 26110060061 060064 06006040066/110680662 1561611 820617
HUN 686 36126 2 620¢
CZE 164 16456 6860
SRB 0 6 4 061506 0
SVN 006 0
GBR 3|6 165 268 57 507
SWE 1 2 06060 4061 76001
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. Therdifier conserved
ORF3 region offers a promising target for PCR assays (as reported by Jotreka@s]). Within
this region, considering potential secondary structures, the high cg content, and trying to avoid the
frequently observed nespecific signals with high Givalues, we developed a new riale 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 psexepasted 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.p%4] 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 phylogehgpotheses [56]. Considering
the given restriction, Let 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 doehie 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 subsequeansilico 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 1), but if only the ORF.148nt is
analyzed, two of them distantly cluster 3f in the majodeld. 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, du& coinfections 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 oneesiogh few short sequences can be error
prone, due to laboratory artifacts, insufficient phylogenetic information, recombinatmrior
example, a new Hepatitis C virus (HCV) subtype (among other requisites) is created only when one
complete genome (C@nd 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. Thishvians 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, thelésstbed subtype appears
to be subtype 3c (in the set of seqewe 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 {fes Bty
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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 C®r nearly complete sequences. Most of the long BEV
sequences have been obtained in Japan (54 CG of 97 and 58 of 117 sequences longer 1500 nt), wher:
3chi apparently does not circulate.

Based on Lubds <classificati on metchreerwveh all vewly g e n e
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 differgra nomi ¢ r egi ons, covering th
ORF?2 (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 al
only partially suitable for classification up to the subtype levethis context, the tree topology of
Figures 3b and 5 correspond to previously published trees (Figures 2 anet&/.[82]).

The HVR is not a typical hypervariable region, but rather a genotypically diverse sequence [31].
The variability of this regin 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 riglgrahent 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 atysis of the 1652 nt part of the ORF2 not overlapping the ORF3 reBimalyet
al. [31] (including near 55 HEMB sequences) calculated the Time of the Most Recent Common
Ancestor (TMRCA) of the four genotypes to be around the year 1475, and foBHiAY-4 around
1595. The TMRCA of major clades|3and 3lI (HEV-3 excluding the rabbit sequences) was
determined near the year 1790, and for the clatiéc8rresponding to 3chi and 3jab together) in
1865. Each group (3jab, 3chi and 3feg) has evolved rodgiity 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 HE¥only 100 years old. In a more recent
analysis [43] usingnly the ORF2.301nt (including 208 HEY sequences) the TMRCA for both
major clades | and Il together was dated to 1810 and for the clade | alone (3chi + 3jab groups) to
1895. Each group was correspondingly estimated:a3f20; 3chd 1919; and 3fed 1889. For
subtypes: 3& 1959; 3ld 1944; 36 1935; and 3@ 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 dl 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 methoddrayer 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 (47@B73, 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 faoia Bav
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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 pagsbieen pointed to as a source of
infection in South Korea and Japan [45].

Unexpectedly, the strain WS@® collected from an animal hunted in Western Pomerania
clustered within subtype 3b for the four regions analyzed. In Europe, subtype 3b has detdeed
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 pidgraportedly) 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 nonJapanese 3b isolate obtained from a wild animal.

WS 34/10, WS 35/10, and WS 28/10 could besifeesl 3jab, but could not be unambiguously
subtyped and further investigations using longer sequences are needed to define if they cluster into
existing subtypes (n@ or-b) or whether they define a new subtype within the 3jab group.

No sequences withisubtype 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, W&LR15160, 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 widlalyedistr
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 Spaid 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 (fran 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 tregy, Isiegliences 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 sequencessafficient for genotype, but not for subtype determination. HVR
sequences should only be used for intra genotype comparisons, and alignments have to be checkec
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 designhed R'PCR assays for screening, quantification and genotyping of-BiEWains and
detected viral RNA in wild boar samples from MecklenbWgstern 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. Thivgégetic 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 genonoosdgive 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 schemeposed by Liet 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 HEY according to this classification scheme could enabletailed
view of the spread of HEA8 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.

Acknowledgments

We thaik Birke Boettcher and Gina Lucht for excellent technical assistance.

Author Contributions

Conceived and designed the experiments: AVR, MHG, ME. VK and DB performed sample collection
and characterization. JS was involved in RNA isolation and sequendiit).JS, ME performed data
analysis. AVR and ME wrote the paper. AVR, JS, MHG, ME edited the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.

Supplemertary Information : (zip file: http://www.mdpi.com/1999915/7/5/2704/s)
Tables

Supplementary Table S01Global 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 fram2)2 (OR
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); 3bdJMrulent
strain from Japan; theosamgeemarelse & willllzoari3ketbn as; N
country code after ISO 316balpha3. 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), Robeloch-Institut (RKI), FriedrichLoefflerInstitut (FLI), Germany,
University of Regensburg, Institute of Medical Microbiology and Hygiene (UReg), Bernhard Nocht
Institute for Tropical Medicine (BNI) and University of Veterinary Ntdde Hannover (TiHo). Burma
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(Myanmar, MMR) was conserved due to the widespread use in HEV related literatuieumdac
isolated from macaques original inoculated witch human feces, or from(bohlem.Table S01.xIsk

Region / year Name ORF1 HVR RdRp ORF3 ORF2 | copies/
reaction
Mecklenburg-Western 8603 n.a. n.a. n.a. 3a 3a 11.000
Pomerania 2005 accession nr. JQ807476 | HE797854
4701 n.a. n.a. n.a. 3a 3a 2
Mecklenburg-Western | @ccession nr. JQ807472 | HE797853
Pomerania 1997 4973 n.a. n.a. n.a. 3a n.a. 1
accession nr. JQ807473
WS 34-10 3b (3jab)* | 3a (3jab)* | 3a (3jab)* 3b? 3b? 1.750
accession nr. | JQ807489| JQ965993| JQ807488| JQ807490 | HE797856
Mecklenburg-Western WS 35-10 n.a. 3a (3jab)* n.a. 3b? 3b? 16.300
Pomerania, Greifswald, -
Diedrichshagen 2010 | accession nr. JQ807491 JQ807492 | HE797857
WS 28-10 n.a. n.a. 3a (3jab)* 3b~? n.a. 640
accession nr. JQ807486| JQ807487
WS 03-09 3b 3b 3b 3b 3b 63.000
Mecklenburg-Western 1 accession nr. | 10807479| JQ807478| JQ807477| 1Q807480 | HE797855
Pomerania, Bugewitz - - -
2009 WS 05-09 3i 3i n.a. 3i n.a. 1.100
accession nr. | JQ807482| JQ807481 JQ807483
Mecklenburg-Western WS 21-10 n.a. 3i n.a. 3i n.a. 1.240
Pomerania, Greifswald, -
Steffenshagen 2010 accession nr. JQ807484 JQ807485
5160 n.a. 3i n.a. n.a. n.a. 560
accession nr. JQ807474
Mecklenburg-Western 5304 n.a. 3i n.a. n.a. n.a. 400
Pomerania 1997 accession nr. JQ807475
4322 n.a. 3i n.a. n.a. n.a. 99
accession nr. JQ807471

Supplementary Table S02Subtype desigation and accession numbers of sequences from isolates
recovered in this study. *tentatively assignments.

Figures

Supplementary Figure S01Detailed view of the sequences used in Figure 3b.
Supplementary Figure S02Detailed view of the sequences usedrigure 3c.
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Supplementary Figure S13Geographical distribution of subtypes by host (human, domestic pig, or wild ahififails information can be also
interactively explored at: https://public.tableau.com/views/HE¥Story3?:embed=y&:showTabs=y&:display count=yes.
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Supplementary Figure S04Detailed view of the sequences used in Supplementary Figure S03a.
Supplementay Figure S05.Detailed view of the sequences used in Supplementary Figure S03b.
Supplementary Figure SO6Detailed view of the sequences used in Supplementary Figure S03c.
Supplementary Figure SO07Detailed view of the sequences used in Figure 4a.

Supplementary Figure S08.Detailed view of the sequences used in Figure 4b.

Supplementary Figure S09Detailed view of the sequences used in Figure 4c.

Supplementary Figure S1. Molecular phylogenetic analysis of: (@RF3.225nt: 114 partial HEV3
genome sguences spanning theregion5183% 04 nt, i ncluding sequences
Supplementary Figure SD. Detailed view of the sequences used in in Supplementary Figlire S1
Supplementary Figure S12Detailed view of the 3chi group from thrpartial genomic regions.

Supplementary Files

Supplementary File SO1HEV -A.fasta.zip. Multialignment in FASTA format, compressed.
Supplementary File S02: HEVsubtypingMEGAuUt.xIsx. Auxiliary worksheet for classification,
selection and automatic labeling of sequences in MEGA.
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Abstract We detected Hepatitis E virus in serum samples ofOrthohepevirusgenotype HEV3, which infects humans,
wild rabbits that were hunted in 1989 around the city obigs, and other mammals (Smith et aD14. Rabbit
Greifswald, Germany. The recovery of one partial sequencgerived isolates belong to HE¥but form a separated clade
and subsequent phylogenetic analysis indicates a cloggthis genotype (VindRodriguez eal. 2015.

relationshipto rabbit HEV sequences from France and After the first identification of a novel rabkierived

suggests a longstablished circulation of rabbit HEV in HEV strain in farmed rex rabbit§Zhao et al.2009,

Europe. subsequent findings from farmed ralshitere reported in
other regions of ChingGeng efal. 2011, Wang efal. 2013

Keywords Hepatitis E virus -Rabbit - Germany - Genget al. 2013, Mongolia (Jirintai et al.2012, and the

Phylogenetic analysis USA (Cossaboom et a2011, Cossaboom et al. 204,2).

Recently, laboratory rabbits from US vendors were tested
Hepatitis E virus is a positiveense singlstranded positive for antibodies against HE{Birke et al.2014.
nonenveloped RNAiws which has been classified in the Current findings in Europe are only reported from France
Hepeviridae family, genus Hepevirus. The viral genomeéncluding farmed and wild rabbizopet et al2012 and
contains three open reading frames (ORFs), whereas ORKaly (Caruso et al. 2015 far.A recent study showed that
codes for several nestructural proteins, ORF2 for the rabbit HEV belongs to the same serotype as human HEV
capsid protein, and ORF3 for a small phosphoproteinwang et al. 2013. Moreover, under experimental
Hepatitis E virus is a zoonotic pathogen, transmitte@onditions, rabbit HEV has been shown to infect-haman
primarily by the fecdloral route causing large numbers of primates, which developed typical hepatifisu et al.
human cases throughout Asia, the Middle East, and Afric2013. In a French human strain, a unique-rfi&leotide
In Europe and Northern America, an increasing numberaf nser t i on 36 adj acent to the
autochthonous cases of hepsiE are reported. According within the X domain was identified which was alsaifid in
to a new classification scheme, these strains belong to gergignch rabbit HEV isolate§zopet et al2012. A similar
90-nucleotide insertin observed in a rabbit isolate from the
United StategCossaboom et a&012). The influence of this

Electronic supplementary material ~ The online version of this

article (doi10.1007/s1256015-92224) contains supplementary insertion on host range and pagenesis remains to be
material, which is available to autfied users. elucidated. Thus, recovered rabbit sequences demonstrated
a close relationship to (human) HEVstrains indicating
*  Martin Eiden zoonotic infections in humans.
martin.eiden@fli.ound.de Therefore, additional information is needed to assess the

t Institute of Novel and Emerging Infectious Diseases at the distribution of rabbiderived HEV and the importance of

FriedrichLoeffler-Institut, Su"dufer 10, GreifswalthselRiems, this virus reservoir for human health.

Germany In our study, 13 serum samples from wild rabbits were
2 Institute for Virus Diagnostic, at the Friedritloefflerinstitut, analyzed which were collected in the context of a general

GreifswaldinsetRiems, Germany surveillance for wildlife pathogens in 1989 in the larger
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Table 1 Results of testing for HEV RNA by quantitative #t@ak RT-PCR and HEV antibodies by AXIOM ELISA

Laboratory ID RT-gPCR [CH] Axiom ELISA  Greifswald area in Mecklenburg WestdPomeraniaThe
527189 HB1s A presence of antibodies was analyzed with the HBV

) neg ELISA, which detects total antibodies in sera irrespectively
Dj27/89 H816 N/A neg of the species(Axiom solutions, Germany).All 13 sera
Dj27/89 H817 N/A neg tested were d?luted 1_:1 in specimen diluent acc_ording to
Dj27/89 H819 N/A poS ma nuf a o'ntstmugtlcmfs. BMNA from serum was isolated

_ via QlAamp viral kit (Qiagen, Germany) and tested by
Dj27/89 H820 N/A doubtful o : :

guantitativereattime RT-PCR RT-gPCR), which targets a
Dj27/89 H836 N/A neg sequencewithin ORF2 (Vina-Rodriguezet al. 2019. In
Dj27/89 H839 35,82 neg total, 4 out of 13 sera samples were positivehenELISA
Dj27/89 H841 N/A pos and one sample borderline. Interestingly, four samples were
Dj27/89 H843 N/A pos PCR positive, indicating g recent infection (Talb)eo.n'e

_ sample (Laboratory ID: Dj27/89 H844) was seropositive as
Dj27/89 H844 29, 22 pos o : :

: well as HEV RNA positive. From this sample, a partial
Dj27/89 H846 36,01 neg sequence could beecovered by RPPCR assay which
Dj27/89 H847 36, 6 Neg targets the hypervariable region (HVR): RTR step was
Dj27/89 H848 N/A neg performed using primers HEV.HVR_F1
Positive results are depicted in bold a I

s
\737@7‘
Fig. 1 Phylogenetic analysis of rabbit
HEYV isolates based on partial HVR
sequences (300 nfyhe phylogenetic
tree was generated by the w
maximumlikelihood method based - =
on the Kimura Zparameter model by _'-g
using MEGAG software. All o
positions with less than 80 % site
coverage were eliminated. GenBank
accession numbers are shown for
each HEV strain e in the
phylogenetic analysiscale bar
indicates nucleotide substitutions per 3feg
site. a The phylogenetic tree consists
of 127 nucleotide sequences and
representative strains of HEY e

genotype including major groups & =
3jab, 3chi, 3feg, and the rabbit clade. ’
Isolates are characterized by
accession number, isolate
designation, classification (subtype), 2
country (3letter code), host, and
sampling year. b The phylogenetic
tree of the rabbit clade with 17
rabbitderived sequences and one
human sequence (JQ01379Bhe
German isolate KR261083 is

indicated by &losed circle

JX109834 ] CHN-BJ-R14. Rab.CHN.rabbit.CG
JX121233 ] CHN-BJ-R14. Rab.CHN.monkey.CG
JQ768461 ] CHN-BJ-rb14. Rab.CHN.rabbit.CG

lKJ(J13414 ] CHN-BJ-r14(8). Rab.CHN.rabbit.CG.2013

100 | KJ013415 ] CHN-BJ-r14(9. Rab.CHN.rabbit.CG.2013
GU937805 7 ch-bj-n1. Rab.CHN.Gansu.rabbit.CG.2009

AB740221 ] rbIM022. Rab.CHN.InnMong.rabbit.CG.2011

FJ906896 ] GDC46. Rab.CHN.Gansu.rabbit.CG.2008

JX565469 ] CMC-1. Rab.USA. Virginia.rabbit.CG.2010

JQ013793 ] T15-18516. Rab.FRA.hum.CG.2008

JQO013791 JWi-11. Rab.FRA.rabbit.CG.2007

93
KR261083 ] Dj27/89 H844. Rab.DEU.rabbit.FLI.1989 @
AB740220 rbIM199. Rab.CHN.InnMong. rabbit.CG.2011
FJ906895 ] GDCY. Rab.CHN.Gansu.rabbit.CG.2008

JQ013792  JW7-57. Rab.FRA.rabbit.CG.2007

AB740222 7rbIM004. Rab.CHN.InnMong.rabbit.CG.2011
JQO013789 7] F1-4. Rab.FRA.rabbit.2008
100 L JQ013790 ]F1-6. Rab.FRA.rabbit.2007
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The genusFlavivirusincludes arthropoeborne viruses responsible for a large number of infections in humans and
economically importananimals. While RIPCR protocols for specific detection of mBR&tvivirusspecies are available, there
has been also a demand for a breahgeFlavivirusassay covering all members of the genus. It is particularly challenging to
balance specificity at geis level with equal sensitivity towards each target species.

In the present study, a novel assay combining a SYBR -Based RTJPCR with a lowlensity DNA microarray has been
developed. Validation experiments confirmed that the-dPICR exhibited roughlgqual sensitivity of detection and
quantification for all flavivirusetested. These PCR products are subjected to hybridization on a microarray carrying 84
different oligonucleotide probes that represent all knowtavivirusspecies. This assay has beeed as a screening and
confirmation tool forFlaviviruspresence in laboratory and field samples, and it performed successfully in international
External Quality Assessment of NAT studies. Twentylavivirusstrains were tested with the assay, showirguealent or
superior characteristics compared with the originat even with speciespecific RIPCRs. 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 genuglaviviruscontains nearly 70 recognized viruses, many of which infect humans and economically important
animals[1]. Flaviviruses, such as Dengue virus (DEN¥) and Yellow fever virus (YFV]3], have been a common
cause of devastating diseases in tropical and less developed countries, but in ersehieyemergence of flaviviral
zoonoses was observed worldwide. Examples include the occurrence of West Nile virus (WNV) in the Unitgt],States
Japanese encephalitis virus (JEV) in Austrii@]aas well as Usutu virus (USUYE], WNV [7] and DENV[2] in Europe.
Recently, Zika virus (ZIKV) also expanded into Southern America, with reports of detection in Europe afg].USA

Large survidlance 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 arioos, particularly for flaviviruses like WNV or USUYG, 9, 10] Rapid virus
identification and quantification are crucial for accurate diagnosis of ongoing infections, treatment selection and follow
up, as well ador selection and timely introduction of control measures in outbreedsariosIn this context, highly
parallel detection technologies, such as DNA microarrays, are gaining impdata+ayj.

Like RNA virusesin general, flaviviruses are distinguished by extensive genetic heterogeneity, which implies
classification into subunits, e.g. genotypes, lineages, etc., each with distinct epidemiological or clinical signifiance. Th
heterogeneity represents a majaalgnge in primer and probe design for PCR and DNA microarray assay development.
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In the present study, we have optimized aplavivirus-specificSYBR Greerbased realime reversdranscription
polymerase chain reactioRT-gPCR) [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 identificatior faviviruses from clinical or field samples.

2. Materials and Methods

2.1. Viral samples and RNA extraction.

The 26Flavivirus strains to be used as reference were collected and steB&°&t until processed as following:

African green monkey kidnegVero) cells Collection of Cell Lines in Veterinary Medicine, Friedritbeffler-
Institut, GreifswaldlInsel Riems, Germanyyere infected with viruses in biosafety L3** laboratory facilitiaad cell
culturesupernatants were collected and inactivateBlffer AVL (QIAGEN, Hilden, Germany) as previously described
[22, 23] The WNVstrainslineage 1a NY99 (ac. AF196835) and Dakar, lineage-Hunjin (ac. D00246) and lineage
2 - Uganda 1937 (ac. M12294), B95&c( AY532665), Sarafend (ac. AY688948) and goshawk Austria 361/10 (2009)
(ac. HM015884) were reused froour previous works[22-24]. The strains USUV Germany 2011 (BH/65) (ac.
HES599647), YFV 17D, JEV, TBEV LangaMalaysia, 1956 (ac. AF253419) and Murray Valley encephalitis virus
(MVEV) were reused from another wofR5]. USUV Austria 2001 (939/01) and Germany 2011 (939/01) were taken
from [26] and JEV Nakayama (ac. EF571853) and TBEV Neudoerfl (ac. U27495]3@m

Additionally, the following strains were obtained from the Health Protection Agency, Salisbury, United Kingdom:
WNV lineage 2, MB1 9 5 7 ; SLEV; YFV AFrench Neurotropd and Lol Il
A. Mullbacher(John Curtin School of Medical Research, Canberra, AugtradRBA from ZIKV and DENV 1, 2, 3 and
4 viruses vasprovided by PDespregFlavivirus Unit,Institute Pasteur, Paris, Frajoghile F. Hufert and M. Weidmann
(Institute for Virology, Géttingen, Germajkindly provided the viruses TBEV Absettarov, 1951 (ac. AF091005), TBEV
Aina, 1963 (ac. AF091006) and TBEV Hypr, 1953 (ac. U39292).

RNA was exracted with the RNeasy Mini Kit, or the QlAamp Viral RNA Mini KIRIAGEN, Hilden, Germany),

according to the manufacturerds protocol . [28].Shg NMOM et i ¢
RNA was used to create an external calibratorcumie i ch i n turn was cal ispecifcREd us
gPCR[22].

2.2. Selection of primers and probes.

Nearly 200 complet&lavivirus genome sequences weratained from the NCBI Nucleotide database by the end of
2010. Very similar sequences (more ti8&%6 identity) were excluded. The sequences were aligned using CLUSTAL X
[29] (accessed from BioEdit software v.7.0.53)] and VectorNTI Advanced v.10 (Invitrogen, Carlsbad, CA, USA).
This alignment was manually curated using both the nucleotide and the deducedeichisequences, and extended by
adding partial sequences to reach a total of more tharsd@o represent the NS5 gene of all known species, including
most subtypes or lineages (a regularly updated version is availdibeiatrus GitHub site.

VisualOligoDeg(https://github.com/qPCRA4vir/VisualOliDggvas used to facilitate visualization and selection of
appropriate oligonucleotides hythizing to sequences of a givefhe NS5 regions (spanning nucleotides 9040 to 9305
of AF196835) of the aligned sequences were importedhigavorkbook andveremanuallyclassified into major groups
(MB - mosquito borne, TB tick borne and Inseginly), virus groups (JEVG, YFVG, TBEVG, etc.), species (WNV,
JEV, YFV, TBEV, etc.) and in some cases into lineages (like YWINW WNV-2, etc.) or genotypes.

Alongside speciespecific RFPCRs[31], broader, genuspecfic RT-PCR protocols have been also repoifted]
21, 32, 33] A genusspecific TagMan RT-PCR for Flavivirus detection was modifief21], with primer sequences
optimized ing VisualOligoDeglt targets conserved flanking regions with an internal region with sufficient variability
to enablevirus identificationby sequencing the amplicon. The original sequences were adapted to consistently amplify
most of theFlavivirus menbers resulting in degenerate prim&BlavfAAR (TACAACATGATGGGAAAGAGA-
GAGAARAA from 9040 to 9068 of AF19683%ndPFlavrKR (GTGTCCCAK CCRGCTGTGTCATC from position
9305 to 9283 of AF196835).

A total of 50 probes with a Tm around 55 °C were selected. Anseset of sequences was also selected as a
replacement, in case of failure of fisttsequences. The candidate sequences were submitted to the manufacturer for a
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final in silico evaluationof properties (homogenous hybridizatiahscriminatory potentia etc.).As a result, all 84
sequences were found suitable for inclusion in the production of the microBARYE SOL).

2.3 Detection and quantification using RT-qPCR.

A onestep SYBRGreetasedRT-qPCR with melting curve analysis wasveloped The QuatiTect SYBF® Green
RT-PCR Kit (QIAGEN Hilden, Germany) was used following tma n u f a cinstwctiens. ®@rgefly, each primer
(PFlavfAAR and PFlavrKR) was5 -diotinylated during the initial synthesis (Eurofi@enomics Ebersberg, Germany),
and usedt a final concentration of 0.8 uM, in a final reaction volume gfi5ncluding 5 pLof RNA sample solution.
Realtime RT-gPCR wascarried out on a CFX96 retime PCR detection system (BRadLaboratories, Hercules, USA
The thermal cyclingprofiles are presentedn TABLE 1. Speciesspecific RFQPCR were also used to determine the
sensitivity of theFlavivirus RT-gPCR. Reference RNA samples included W[2¥], USUV [26, 34] and TBEV][35]. In
order to have comparable Cq values across experiments, when possible, we set a separate fluorexfteatedor
each target (PCR primer mix) in ed@well plate runs u ¢ h t h8dadr the@gntrad RNA WNV NY99 diluted 10
This control was previously calibrated using a synthetic RRI. In order toperform Flavivirus quantifcation, an
external standard curve consisting of four dilutioh®RNA WNV NY99: 102, 10%, 10* and 16 was included in each
run. These were equivaletd 4x10, 4x1F, 4x1¢ and 40genomecopies/uLof RNA solutionor to 1.4x10, 1.4x16,
1.4x10, and 1.4x16copies per mL of homogenized sampkspectively. To alyze theFlavivirus SYBR GreenRT-
PCR the fluorescencevas measuredt step 6of the standard protoc¢TABLE 1). Similarly, for speciesspecificRT-
gPCR fluorescence measurement was conductstept4.

TABLE 1: Thermal cycling profiles used in the fdrus RT-gPCR.

Standard(4.5 h, 25 pL) Fast (2.5 h, 25 uL or 10 pL)

1. 50 °C for 30 min

2. 95 °C for 15 min

3. 95°Cfor15s

4. 55°Cfor25s + Plate Read
5. 72°Cfor25s + Plate Read
6
7
8
9

50 °C for 30 min
95 °C for 15 min
95°Cfor15s
55°Cfor20s
72°Cfor20s +afel Read
. 8°Cfor 1s + Plate Read GOTO 3; 44 more times

. GOTO 3; 44 one times 95 °C for 1 min

. 95 °C for 1 min Melting Curve 68 to 86 °C,

. Melting Curve 68 to 88 °C, increment 0.2 °C, 1 s + Plate Re:

increment 0.1 °C, 1 s + Plate Rea( END
10. 4 °C Forever (optional)
END

©ONOO~WDE

2.4. Sequence analysis.

Twenty pL of non-purified PCR product were sent to Eurofins Genonfiglsersberg, Germanypr direct DNA
sequencingy the Sanger dideoxy methagsing the amplification primers. A BLAST (NCBI) searchthe obtained
sequencewas usually sufficient to identify tharus strain. The (internal) amplicon of approximately 240 nt contains
sufficient phylogenetic information to feonstruct phylogenetic treemndallows classification of more distantly related
and unknown strains and even new species.

2.5 Microarray analysis.

Flavivirus-specific digonucleotide probeselected using th&isualOligpDeg were spotted onto a ledensity

mi croarray of the commercially availabl e AGermaas.Thei pE

84 probes (spots-84 in SO1File) were spotted either in triplicat€lfip Wildtech VirologyMycob 01, fran 201101-
13, assay IB10610)[36] or in quintuplicate (Chip Wildtech Virology 02, from 2002-10, assp ID-16050).The Alere
Hybridization Kitwas used following previously published instructif@is, 38] Briefly, only positive RTPCR reactions
were routinely analyzed, from which 1 pL was directly denatured inulLGff the hybridizatiorbuffer at 95 € for 5 min
andthemplacedfor coolingat 4°C for 5 min in @ahermaycler (BioRadLaboratoried This solution was transferred to
the AS vessel (previously conditioned with water and hybridization buffer) andaitezbbt 55C for 1 h upon shaking
at 550 rpm on a BioShake iQ heatable shaker (Quantifoil Instrundents, Germanylhe AS vessalassubsequently
washed twice at 58C for 10 min, incubated with 100 pL of a peroxidase conjugate solution°& &% 10 min, washed
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and incubated at room temperature with 100 pL of the substrate solution (SeramuBS&aimun Diagnostica GmbH,
Heidesee, Germanyfpr 5 min. Imagesof processed microarrays were savedbitmap (.bmp)format using the
ArrayMate transmissioReader (Alere Technologies GmbH).

2.6. Microarray data processing and Flavivirus identification.

The webbased databag&ionir i The ExperimentNavigataf PARTISANArrayLIMS (Alere Technologies GmbH
was used for visualization and analysis of imagescantplete experiments, as well as for additional backlgngside,
the Partisan IconoClust3.6r0 software (Aler@echnologies GmbHwas used for local analysi§ microarray images,
generating for each spot of each picture the backgroarrécted sigriaintensities NI= iM/BG, with NI being
normalized intensity, M average (mean) spot intensity, and BG local background intensity. Spot intensities are measure
as light transmission, with M values ranging from 1 for complete transmission (backgroundpaisako O for complete
absorption (dark spots). Thus, normalized signal intensities range between 0 and 1. Previous evaluation of the signal
background ratio (SBR) in assays using the same technology have setdfferalute for positive signals @.1[37]. A
custom python scriptasembedded in thisoftware to enable visualization of indiud hybridizations obatch analysis
of series of experiments. This script exports experimental data in differevets, including a formauitable for import
into Orangei software, which allows visual programming and python scriptingdfde mining and visualization
(v2.7.6.dev installed 201406-06 fromhttp://orange.biolab ki

Using Orange,the visual progranfPanFlavExpSt8ampl(FIGURE S0) was created, whighogether with custom
modifications of somearts ofOrangeitself, permits an interactive import of the experimergisduas standards (known
samples) for parallel analysis with unknown samples for classification. This program calculates the distances betwee
pairs of signal intensity patterns (two microarray experiments), which can serve as a measure of similarity betwee
samples. Several distance formulas are available interactively@ramgeand their meaning is explained elsewhere
[39]. These distances are visualized in one of the widgetshaat mahike graphics (FIGURE 5 in Resu)tgn which
the labels and the ordef the samples can be interactively selected from a group-ofppiens. We have added (directly
modifying the source code @rangeg the option to reorgaze the heamap showing the selected sample at the top
followed by the most similar samples by mouwtieking the respective cell. This graphic can also show the samples
organized in a tree to reveal clustering. AnotBeangewidget uses the digtaes ¢ construct a tree (FIGURE 4 in
Result3, in which a cutoff 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 optimizatitine new assay wdsrtherevaluated by testinBNA extracts
from mosquito poolérom Greece Mosquito trapping was performed within the framework of a surveillanogram,
which was implementeth the region of Central Macedondaring the 2012 arbovirus transmission peribhe aims of
this program werd¢o molecularly characterize WNV and assess population dynamics of the major arbovirus vector
speciesto timely notify public health authoritiesn increased risjd0]. Female adultmosquitoes were collected at dry
ice-baited CDC mosquito traps, which were set in areas with previous indications of high arpmuaisncd40].

Identified mosquitoesSQ individuals of the same genugereplaced in 2 rh microcentrifuge tubes with two 4 mm
sterile glass balls and 1Lnof phosphatéduffered saline (PBS) containing 1% of hewictivated fetal bovine serum
(FBS; SigmaAldrich, Steinheim, Germany). Disruption was performed for 30 s at speedsth@ a RiboLyser
homogenizer (Hybaid, Ltd., Teddington, UK). The homogenates were centrifuged (16,000 x gt4 &@) and B0
eL of supernatarfrom eachmosquitopoolunderwenRNA isolation based on the previously described RNA extraetion
method

In total 340 mosquito pools were testedth the Flavivirus RT-gPCR protocol Out of them, 180 pools were
represerdgd byCulexmosquitoes, 75 were compriseddgdesand 85 byAnophelesnosquitoes.

3. Results

Following preliminary observations that thensitivity and efficiency of amplificatiomith the primers from reference
[21] werenot homogeneous for differefiaviviruseswe decided to degn a modified set of degenergiemers. Using
VisualOligoDegwe slected primers for a modified RJPCR forFlavivirus detection and quantificatiomn the initial
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experiments, we compardbe new procedure witpublishedRT-gPCRs using referenogruses. All 26Flavivirus
reference strains described in 2.1 were te§t6@URE 1J).

The optimizedFlavivirus RT-gPCR was also compar@dterms of @tection limitwith speciesspecificRT-gPCRs
for WNV, USUV and TBEYV by testing fresh RNA solutions (from supernataiinfected cells) in a series of epdint
dilution experinents (FIGURE S02, S03).
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Ficure 1. Cq values for 26 viruse€omparison of Cq values obtained for different viruses using the protocol of ChdaHt al.
(blue line) with those of our owprocedure (red line). The same virus RNA preparation was tested in the same PCR plate with
both RFgPCR protocols. The order of viruses from left to right is according to increasing Cq difference.

Subsequently, we conducted melting curve analysis, whitpreavideuseful information to determine positivity and
sequence differencdas shown in FIGURE )2 but which has limited value for identification. A wetlefined peak
between 79 and 84 °C is a strong indication of positivity, and differences in Tratmd®quence differences, possibly
representing different species or lineages. The results frofpantdilution experiments and the calculations using the
externally calibrated standard curve suggest that, for most membées/ivirus genus, this RIGPCR assay is highly
sensitive, capable of detecting a few viral RNA copies per reaction. However, this also means thatngless
contamination and DNA carryover are a major concern. Therefore, it is crucial to organize the laboratory work
accordingly ad include sufficient controls to validate the results of each experiment.

To evaluate the accuracy and performance of the developefPRR assay, we successfully participated in five
international ring trials for quality assessment of nuaeid amplifcation tests, i.6ANSES 2013 (melting cureof the
samples shown in FIGURB,2Quality Control for Molecular Diagnostics or QCMID10QCMD2011[41], QCMD-
2012, and QCMER013 (results summarized in TABLED2) fttp://www.qcmd.org). These results complemented the
information obtained from WNA$pecific RFqPCRs. Both WNV and neWNV Flavivirus strains were gantified using
theFlavivirus RT-gPCR with the WNV calibration curve, amgresubsequently identified by microarray analysis.
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FIGURE 2: Melting curves from different flaviviruseblelting curve analysis of the amplicons from different flaviviruses fdasn
from the ANSES WNV Proficiency Test 2013). NY99, 1t08 and 1s985 are WNV lineage la strains, while Aus08 is a lineage 2
strain. The viruses were identified using the microamath confirmation by DNA sequencing.

The combined RTGPCR/microarray praxurewasapplied onthe 26 reference virus strairend RFgPCR positive
field samplef diverse originin more than 300 hybridization experiments. Each analyzed reference virus produced a
specific hybridization pattern that allowed discrimination. Mitastiviruses could be identified at the lewafl species,
genotype or even straifipllowing comparison of their hybridization patterns with those of reference samples. A
compilation of fourFlavivirusisolates each examined at two diffet RNA dilutionss shown in FIGURE 3This figure
reveals an important distinction of this microarray platform from-medlwn glassslide arrays used for gene expression
studies, meaning that the developed microarray is optimized to detect genetic (sequence) vazihéornsan the
concentration or relative quantity of amplicons. Thus, the present microarray signal intensity values are used solely fo
identification or classification, while quantification is performed in the preceRiRgPCR 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: Hybridizationpatterns for different dilutions of viral samplésell culture supernatants) (A) West Nile virus lineage

1a, strain NY99 (WNV.1a.NY) red bars: sample diluted 2@nd blue bars: diluted ¥0(B) West Nile virus lineage 2, strain
Uganda 1937 (WNV.2.Ug red bars: 16 and blue bars: 1§ (C) Murray Valley encephalitis virus (MVE\)red bars: 16 and

blue bars: 16; (D) Tick-borne encephalitis virus, strain Langaat (TBLanggd bars: 10 and blue bars: 1® These data show

that hybridization ptterns 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 sampl@sitput of the tree widget iBrangesoftware. A cluster analysis was conddaising
the distances between the hybridization patterns of experimentally tested samples. This is the preferred method thevisualize
identification of viruses in samples that contain only Blaivirus.

In some cases, virus identification is alreadggble 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 cobgmgdrsolution
for data processingdrangewas used tareate a visual programI(FURE S0J) to import the raw data from tHeono
Clust software, to define a set of experimental standards and identify viral samples byingu§t6GURE 4. The
procedure also permits visualization of mixedRtdvivirus infections in heamaplike graghics (FIGURE %. This
capability represents another major advantage of the microarray compared to direct sequencing. Mixes of RNA fron

83



closely relatedrlavivirus strains were tested to explore the possibility of detection-@rifeations in a given sampler

detection of the presence of more than one virus in tested pools. We have selected USUV ahd Sid\WWNV2

(NY99 and Ug37) viruses to show that it is possible to unambiguously detect each component in a mix even of related
viruses, such as lineagésnd 2 of the WNYFIGURES b andc).
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FIGURE 5: Presentation of experimental results processed bythea n featinaplike widget showing an all vs. all sample

comparison. Calculated distances between intensity patterns of each pair of microaftaybésimed 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, makingtHe di@ggona fii dent i t y o sampl e ¢
When one sample is selected by meciseking, the map is immediately reorganized to show this sample in the upper row and left

column followed by the most similar s a4xgrl3eC0.10( as)a s@phbeel sreelveecatli o
separation of JEV samples from all other viral species. (b) The samenagagiter selecting a sample containing a mix of diluted

USUV and WNV1a RNA, which is easily recognized bframed mosaiclike map. (c) A more complexim including USUV,

WNV1 and WNW2 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 standaid WNV-2 and USUVto

check that this mix clusters together with each of them).

The Flavivirus RT-gPCR screening was conducted on the 340 mosquito pools from Greece. PCR products of 13
mosquito pools (includingll positive specimens, as wellsig RT-gPCRnegative poolsiinderwent 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.0xMPGr.05, for ~1.5% of the total number of pools test€djexmosquitoes comprised all five WNpobsitive
pools. One pool yielded a strong positive result{@4.5), twowere ofmediumgCqi 31.6 and 32.5) and twaf weak
concentrationgCq i 37.3 and 38.5). Sequencing of these five amplicons reveddatty to WNV isolates goshawk
Hungary/04 DQ11696MNea SantaGreece2010 HQ53748R12] and Italy 2013 KF64724# four caseswhile the fifth
(the onewith the highest Cq val)evas not sequenceable.

TABLE 2: Screening of mosquito poot®llected in Greece. Review of the screening of the 340 mosquito pools (50 mosquitoes

each) collected in Greece. All RJPCR positive and 6 RGPCR negatives pools were tested further by microarray and direct
sequencing. All other pools tested showedja>@8 and Tm < 78 °C.

Mosauito pool | Cq Tm (°C) | Microarray DNA sequencing result

MPGr.0L 37.3| 814 | WNV.2 Austria | Nea Santareece2010 HQ537483
MPGr.@2 31.6 81.6 | WNV.2 Austria | Nea Santareece2010 HQ537483
MPGr03 21.5| 81.7 | WNV.2 Austria | Nea SantdGreece2010 HQ537483
MPGr04 32.5 81.9 | WNV.2 Austria | Nea SantaGreece2010(with 1 muttion)
MPGr05 38.5 81.6 | WNV.2 Austria | Negative

MPGr06 35.6 80,4 |? Marisma mosquito virus (93%dentity)
MPGr Q7 39.6 81.0 | Culex Flav New Mosq Culex Flavivirus (78%alentity)
MPGr08 39.8 | 79.4 | Negative Negative

MPGr09 41.4 83.0 | Negative Negative

MPGr.10 38.6 | 81.2 | Negtive Negative(residual sequenc&almonellasp.)
MPGrl11 40.1 82.4 | Negative Negative

MPGr.12 40.6 79.2 | Negative Negative

MPGr.l13 39.6 80.7 | Negative Negative(residual sequenc€seudomonasp)

The microarray also detected weak signals of irspetific flaviviruses (ISFVs) in two of the pools tested. DNA
sequencing revealdtie presence of sequences with similarities to the isolate HU4528/0&érivh mosquito virus
(JN603190, 93¥%nucleotideidentity) in oneAedessp. 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
Anophelessp. pool (MPGr.07).Flavivirus RT-gPCR/microarray screenir@f the present pan&as completed in less
than three working days.

Additionally, other specimens were analyzed, including organs (such as brain, heart, liver, lung, kidney, spleen) an
blood fromfalcons[24], pheasants, blackbird, great grey owl, common kingfisinernaarly 70 other avian spec|é},
as well as frommice, camels, horses, donkeys, cattle, humans, mossjuitod ticksOnly horse samples havausd
artifacts in the RIGPCR, showing lowonspecific signalgCq > 33),thuseffectively loweringthe detection limit of
RT-gPCR alone in horssamples to over 50 copies per reactidaitd not shown).

4. Discussion

By designing the present combined -BPFCR/microarray assay faletection, quantificatiomnd identifcation of
flaviviruses, a number of methodological problemase beersolved.Using VisualOligoDegwe selected primers and
probes for the newly developed assa@kie ability of a relatively accurate quantification during thed®PCR phase of
the assay isree of its major advantages. Technically, the combinedjRTR/microarray assay is easy to Hands only
standardexperience with regime PCR and ELISAike tests is required. We regularly achieved complete testing of
samples in one working day, from RMxtraction tdinal visualization of the tree and interactive heaplike graphics

The present assay permits classification and/or identification up to thel{sebge level, avoiding in most cases the
need for sequencing. It has been shown tadeensitive as specisgecific RFqPCRs, and suitable for brosahge
Flavivirus screening, as well as a confirmatory assay in both laboratory and field sahty@gwesent study has also
demonstrated thathé assay can be efficiently used in arbovisusveillance programs, for rapid screening and
discrimination oflavivirusese.g. in mosquito or animal specimens. In areas where numerous arbovirus strains of different
virulence cecirculate, such as in Greece and other European countries, molecalaridg c at i on of t he ¢
is a necessitj10]. Especially for flaviviral zoonosep hy | ogeogr aphy and i dent itnjostati o
importance. The assay is also capable of detecting iapecitfic flaviviruses. A report on the presence of ISF\Gutex
mosquitoes of Central MacedofiBreece already exisf43]. Application of RFqPCR/microarray testing revealdte
presence of a virus strain with sequence similaritiddadgsma mosquito virysas well as a presumably novel mosquito
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Flavivirus sequence, in the same area ofé&e. The detection of these ISFVs via the combinedRIR/microarray
protocol extendsur knowledge on the presence of mosquito flaviviruses in Gr@éeebroad range of flaviviruses that

are being tested simultaneously in this assay, in combinatibniteritonvenience 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 réabaratories, itepresentan open system
that can be further improveth case of newly emerging pathogenic and genetically distinct strains, primer sequences
could be further optimizedsingnewly available genome sequences and/or improving probbes# species that were
not in the focus of the present study (possibBNV 4). The number of probes on the microarray is currently at 84, but
could be increased to 500sing the present technolag®ince 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[Ki4]. A limitation of the present assay is tteguiremenof experimental
hybridizations of knwn sampleswhich does not allowirect classification ofinknownsNeverthelesshie 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 particulairus references not available. It should be emphasized that the tree constructed by the
Orangetree widget using the distances between hybridization patterns is not a phylogenetic tree. The graphics just help
to group samples according to sequebasedrelatednessand thereby facilitatetheir identification. TheOrange
software also provides possibilities for classification using madear@ing methods, which have yet to be explored, but
theyhave the potentidb significantlyimprove the accuracyf the final report.

Compared to the diagnostic assaysHtavivirus detectiorpublished so far, our procedure is distinguisheddlyigh
degree of parallelityn detection of a wide range of virus species, strains and their variations, which caaobieved
throughfi o e me n sRT®GRadssayR1, 32, 45] Previously published microarray or diagnostic chip approaches
[20] lack the ease of operation of the ArrayStrip platform used detecover only part aherange ofvirusesthat we
can identify[12, 14, 1946].

5. Conclusion

We have developed a combined -BFCRmicroarray assay for higthroughput 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 identificatiofrkafvivirus strains within one day. The assay has helped to overcome
limitations in virological diagnosis due to lack of specificity or sensitivity in conventional andtimal RT-PCR
protocols. Even if direct sequencing is used as genotyping tootletredopedmicroarray can be a used as a rapid
complementary test to detect mixtures of di#fa Flavivirus strains. The good performance of the assay was also
confirmed, by correctly quantifying and identifying members ofRffavivirus genus in samples from international ring
trials for quality assessment of nucleic acid amplification tests.
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Suppoting Information:

TABLE S01: Flavivirus-specific digonucleotide probesncludng spot number, position, probe name and probe sequence.

# save NORM results of experiment(s); use only VALID spots (FLAGS=0)
# array: Chip_WildtecNirology_Mycok01 130111(id=216) substance_class: DNA oligonucleotide (id=140) for probe job: all probe]
# exported by ArielVina at 23un14
0 0 =
= 5 5 ¢
g & 3 7
o a o )
o © ? substance_name sequence
1 0 0 7790 JE.j.34 TGAGCCGAGAGAATTCAGGAGGTGG
2 .05 0 7741 SLK.ja.50 GGAGAATTTGGGAAGGCTAAAGGAAGCA
3 1 0 7742 WNV.2.w2.13 GACCACTGGCTGGGTAGGAAGAACT
4 15 0 7743 YFV.lja.67 TCAGAGTTTGGGAAAGCAAAGGGAAGC
5 2 0 7744  JE.2.).38 TCAGGAGGTGGGGTGGAAGGTTCA
6 .25 0 7745 MVEV.JEVG.MV ja.48 GGAGAATTTGGAAAGGCCAAGGGAAG
7 3 0 7746  WNV.la.f.1l 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 CTTTCTGAATGAGGACCATTGGTTAGGAA
14 65 0 7730  TBVG.L.76 AGCCGTGCCATCTGGTACATGTGGTT
15 7 0 7731 f.87 GCCATCTGGTACATGTGGCTGGG
16 .75 0 7732 Deng.1.f3.29 GCAAAAGGAAGTCGTGCAATATGGTACAT]
17 8 0 7733 Deng.3.f.32 ATATGGTACATGTGGTTGGGAGCCAGG
18 .85 0 7734 JEVG.Nt.ja.53 GAATTTGGAAAAGCAAAAGGAAGCAGGG
19 9 0 7735  PowVG.f.81 AGCAGGGCCATCTGGTACATGTGG
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.35

45

.55

.65

.75

FEer R R R RRRRRPRRERRRRPRRRRR,RRRR

E bR R RERERRERERERERRR
g o o0 oo oo oo oo oo g gral

7736
7737
7738
7739
7710
7711
7712
7713
7714
7715
7716
7717
7718
7719
7720
7721
7722
7723
7724
7692
7693
7694
7695
7696
7697
7698
7699
7700
7701
7702
7703
7704
7705
7706
7707
7708
7709
7671
7672
7673
7674
7675
7676
7677
7678
7679
7680
7681
7682
7683
7684
7685
7686
7687
7688
7689
7690
7691
7650
7651

f.97

.96

.95

f.94
Deng.2.w2.31
JEVG.1g.f.39
WNV.1b.f.10
YFV.3.f.6&7
TBV.f.57
YFVG.ja.681
WNV.f.9

.98

f.92

YFVG.f2.681
MosqFlav.3.f.7470
Tyuleniy.f.83
Meaban.ja.83
Edge_Hill.YFVG.j.60
NoVertHost.f.69
TBVG.f2.77
WNV.2.f2.12
YFVG.f.61
TBV.f.56
WNV.1la.f.7
RioBrvG.f.755
TBVG.f.797
JEVG.Zi.f.485
SLEV.jj.52
JEVG.lgroa.ja.41
aroa.JEVG.lg.f.429
JEVG.Ig.f.42

.86
RioBrvG.1.f2.84
TBVG.f.87
TBVG.f2.78
JEVG.Zif.45
NoVertHost.0.f.73
Deng.4.w2.19
WNV.2.w2.14
UsutuV.f.54
Deng.f.17
SeaBTB.ja.72
JE.j.33
Deng.1.f3.30
MVEV.JEVG.MV..j.49
JE.jj.36
SLEV.jj.51
MosgFlav.f.70
JEVG.lgroa.ja.40
JE.jj.37

JE.jj.35

YFV.f.66
Edge_Hill.YFVG.j.59
YFV.f.65
RioBrvG.ja.74
YFV.f.64
WNV.2.1.8

f.88

f.43-16

fw.23

GGGCCATCTGGTACATGTGGCTTGG
GGGCCATCTGGTTCATGTGGCTTGG
GGGCCATCTGGTTCATGTGGCTGGG
GAGCCATCTGGTTCATGTGGCTGGG
GGAGTGGAAGGAGAAGGGCTGC
ATCTGGTACATGTGGCTGGGGGC
GCAGGGCCATCTGGTTTATGTGGCT
ATCTGGTACATGTGGCTGGGGGC
ATGTGGCTGGGGAGCCGCTT
GAAACCATCTGAATTTGGGAAAGCCAAAG
GCAGAGCCATTTGGTTCATGTGGCT
GAGCCATCTGGTTCATGTGGCTTGG
GGGCCATCTGGTACATGTGGCTGGG
TTTCTGGAGTTTGAGGCACTGGG
TCCAGAACGATATGGTATATGTGGCTAGG
CCATTTGGTACATGTGGCTGGGCAG
GGB/AGTTTGGCAAGGCAAAAGGAAG
GTTTGGGAGAGAGAACTCATTGGCTGG
GAACTATCTGGTACATGTGGCTCGGAAG
CTGGAATTTGAGGCACTGGGTTTCCTC
TTCCTGGAGTTTGAAGCTEATEG
GCCATCTGGTACATGTGGCTAGGAGC
TGGTACATGTGGCTGGGGAGCCG
GAGCCATTTGGTTCATGTGGCTCGG
GGACCATCTGGTACATGTGGCTGGG
AAGGGCAGCBGGATCTGG
GCCATCTGGTTCATGTGGTTAGGGGC
GGATACATCCTGCAAGAAATCTCCCAAAT
GGAGAGTTTGGAAAAGCGAAAGGAAGCC
ATATGGTACATGTGGCTAGGCGCAC
TGGTACATGTGGCTGGGGGC
GAGCCATCTGGTACATGTGGCTGGG
TAGAATTTGAAAGCTTTGGCTTTCTGAA
CAGGGCCATCTGGTACATGTGGCT
GAATTTGAGGCACTGGGTTAATGEA
GAGCCATCTGGTACATGTGGCTGGG
GGACCATCTGGTACATGTGGCTCGG
TCATGGAGTGGAGTGGAAGGGGAAG
GGTAGGAAGAACTCAGGAGGAGGAG
QCCATATGGTTCATGTGGCTAGGCG
GCCATATGGTACATGTGGCTGGGAG
GGAGAGTTTGGCAAGGCCAAAGGAAG
TGGCTGAGCCGAGAGAATTCAGGAG
AAAGGAAGTCGTGCAATATGGTACATGTG
ATTGGATGAGTAGAGAGAATTCAGGAGGA
ATAGCAGGAAAGCAAGGAGGGAAAATGTA
AAACTCGGATACATCCTGCAAGAAATCTC
TCGAGAACTATCTGGTACATGTGGTT
GAGAATTTGGAAAAGCGAAAGGAAGCC
TCCGTGACATAGCAGGAAAGCAAGGAG
GGATACACCCTCCGTGACATAGCAG
CGTGCCATATGGTACATGTGGCTGG
GACCATTGGTTTGGGAGAGAGAACTCATT
CGTGCCATATGGTATATGTGGCTGGG
GAGAAAAGAAACCAGGTGAGTTTGGAGT
GGAAGCCGTGCCATATGGTATATGTGG
GCAGAGCCATCTGGTTCATGTGGCT
AGCAGGGCCATATGGTAGA G
GGAAGCAGAGCCATATGGTTCATGTGG
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  £.99 GAGCCATCTGGTACATGTGGCTTG

83 .95 .15 7655  £.90 GGGCCATATGGTACATGTGGCTGGG

84 1 15 7656 191 GAGCCATATGGTACATGTGGCTGGG

TABLE S02: Quantification of flaviviruses in samples from the QCMDL13 ring trial using the new Flavivirus RIPCR and a
calibrated WNV NY99 RNA standard ag.

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,% 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
Nog T e T T EE

14.000.000 Cop/mL 19,33 82,4 °C
Oour WNV RNA 1.400.000 Cop/mL 23,11 82,3 °C
standard curve 140.000 Cop/mL 28,02 82,1°C
14.000 Cop/mL 30,59 82,0 °C
0CopimL| N/ NIA -
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FIGURE SO01: The visual prograrRanFlavExpStdSampbchematic workflow the visual prograrPanFlavExpStdSamfidr the
Orange software package. TéEheme 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 . () WNV titration with specific RTgPCR (Eiden, 2010). WNYY99 RNA new titration curve
(righti logarithm scale). WNVx10is correctly three time positive. WNVx£0s once positive and once extremely low positive,
and once negative. WNVxP0and WNVx10° are negative(b) WNV titration with specific RTqPCR (Eiden, 2010).
WNV.NY99 RNA new titration curve (righit logarithm scale). WNVx10is correctly three time positive. WNVx£0s once
positive and once extremely low positive, and once negative. WB¥%ahd WNVx10'° are negative(C) WNV titration with
Flavivirus RFgPCR. WNV.NY99 RNA new titration curve (rightlogarithm scale). WNVx1Dis correctly three time positive.
WNVx108is threetime low positive. WNVx16 is once extremely low positive, and once negative. WNV2 &@e negative. See
the caresponding melting curves in parel(d) WNV titration with Flavivirus RFgPCR (melting curves). WNV.NY99 RNA
new titration curve (right logarithm scale). WNVx1Dis correctly three time positive. WNVx£0s threetime low positive.
WNVx107° is onceextremely low positive, and once negative. WNV*48re negative.
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