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Abstract 
One of the visible effects of today’s environmental changes and globalization 

is the increasing impact of zoonotic pathogens. Of particular concern to public health 

are the arthropod-borne viruses (arboviruses). This category comprises almost 

exclusively RNA viruses, known for their complex life cycles shaped by fast evolution 

and arthropod vectors with high ecological plasticity. Because arbovirus maintenance 

is linked inextricably to vector and host ecology, some geographic regions have a 

higher risk of arbovirus introduction, persistence or emergence.  

The Danube Delta Biosphere Reserve is a well-preserved and biodiverse 

complex of ecosystems, with high densities of blood-sucking arthropods and 

vertebrate hosts. This dissertation resulted from a surveillance program implemented 

in the eastern parts of DDBR (Romania) and is focused on three aspects of the 

arboviral life cycle: (i) communities of mosquitoes (Diptera: Culicidae) and Culicoides 

biting midge vectors (Diptera: Ceratopogonidae), briefly touching upon tick vectors 

(Acari: Ixodidae); (ii) detection and characterization of arboviruses in mosquitoes, 

ticks, reptiles and the reconstruction of spatiotemporal migration patterns of West Nile 

virus (WNV) in Romania by phylogeographic analysis; (iii) blood feeding patterns of 

mosquitoes and biting midges as interactions with host communities and their 

implications on virus ecology. In this last part, blood feeding was used to test the 

possibility of West Nile virus xenosurveillance by detection of host antibodies in 

mosquito blood meals. 

Vector surveillance in the DDBR during 2014-2016 revealed a rich and 

abundant mosquito fauna composed of 16 mosquito taxa, including two new records 

in Romania. Competent vectors of WNV dominated the total collection, both in terms 

of species composition and abundance. Eight taxa of Culicoides biting midge were 

recorded in 2017. As in the case of mosquitoes, some species were new records for the 

Romanian entomofauna. Morphological identification was combined with molecular 

barcoding of mitochondrial DNA. This strategy improved overall taxonomic 
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assignment and gave some interesting insights into the intra- and inter-specific 

relationships of mosquitoes and Culicoides from Danube Delta.  

In the second part, dedicated to virus detection and characterization, the 

screening of a large number of mosquitoes found a very small infection rate of WNV. 

The phylogeographic reconstruction conducted with sequence data of European and 

African strains showed that WNV was independently introduced at least two times in 

Romania. The intercontinental virus migration patterns overlapped the flyway 

network used by birds between Africa and Eurasia, highlighting DDBR’s suitability 

and role for the regional dissemination of this virus.  

A metagenomic survey of sera collected from reptiles discovered Letea virus, 

a new orbivirus infecting grass snakes (Natrix natrix). The majority of the nine 

assembled Letea virus genomes had reassorted cognate genes and also recombined 

gene fragments. Although phylogenetic analysis placed Letea virus in the 

Culicoides/sand fly-borne orbivirus clade, the screening of mosquitoes, biting midges 

and ticks did not confirm the arthropod vector of this virus. 

A second unknown virus, tentatively named Sulina virus, was detected in 

Ixodes ricinus ticks from two rural sites, near the shore of the Black Sea. Sulina virus 

belongs to the Orthonairovirus genus (Nairoviridae) and did not replicate in mammal 

cells lines or in adult mice. 

Extensive trapping of mosquitoes and biting midges resulted in large sets of 

bloodfed individuals. The analysis of their blood meals revealed wide host ranges for 

both vector groups. Mammals dominated the feeding spectra, with cattle, horses, 

humans and wild boars as most utilized hosts. Despite being fed upon less frequently, 

birds were the most diverse host group and accounted for >70% of Culicoides host 

species and half of detected host species for mosquitoes. Overall, host selection in 

these vector communities appeared to be driven by extrinsic factors like host 

availability and abundance.  

Flavivirus-specific antibodies were detected in blood meals taken by several 

abundant mosquito vectors on horses and dogs. This xenosurveillance approach 
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complemented molecular screening and phylogeographic reconstruction, enabling a 

comprehensive analysis of WNV ecology in the region. At the same time, 

xenosurveillance of antibodies in blood meals confirmed the potential of domestic 

dogs as sentinel animals for WNV surveillance.  

These results illustrate a dynamic circulation of arboviruses sustained by rich 

vector and host assemblages in Danube Delta’s diverse ecosystems. This dissertation 

summarizes the first molecular studies of vector blood feeding, detection of an 

orthonairvirus and phylogeographic analysis of WNV in the country, as well as the 

first report of orbivirus infection in reptiles. Many gaps remain in the cycles of these 

newly characterized viruses; more genetic and ecological data of WNV strains from 

Romania are needed for a better phylogeographic resolution. However, these results 

may provide useful baseline data for the study of vector populations and, perhaps, a 

model of arbovirus surveillance to be further developed in this underresearched area 

with high risk and burden of vector-borne diseases. 
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Zusammenfassung  

Einer der offensichtlichen Effekte der sich wandelnden Umweltbedingungen 

und Globalisierung unserer Zeit ist der  zunehmende Einfluss von zoonotischen 

Pathogenen auf die so genannte «public health». Von besonderer Bedeutung sind 

hierbei die von Arthropoden übertragenden Viren (englisch: arthopod-borne viruses, 

kurz Arboviren). Diese Kategorie wird beinahe ausschließlich von Viren mit einem 

RNA Genom gebildet, deren komplexe Lebenszyklen durch rasche Evolution und den 

Interaktionen mit ihren Vektororganismen, mit der ihrerseits hohen ökologischen 

Plastizität, gekennzeichnet sind. Die Aufrechterhaltung dieses Lebenszyklus ist 

untrennbar mit der Ökologie dieser Vektoren sowie der Wirtsorganismen verbunden. 

Daher sind bestimmte geographische Regionen für die Einführung, Aufrechterhaltung 

oder dem Entstehen von Arboviren von besonderer Bedeutung.  

Das Biosphärenreservat Donaudelta (eng.: Danube Delta Biosphere Reserve, 

kurz DDBR) ist ein gut erhaltenes und biodiverses Ökosystem mit einer hohen Dichte 

an blutsaugenden Arthropoden sowie deren vertebratischen Wirten. Die vorliegende 

Dissertation ist das Ergebnis eines Beobachtungsprogrammes des östlichen Teiles des 

DDBR (Rumänien) und fokussiert sich auf drei wesentlichen Aspekte des 

Lebenszyklus der Arboviren: (i) den Gemeinschaften der Stechmücken (Diptera: 

Culicidae) und Culicoides Gnitzen (Diptera: Ceratopogonidae) sowie exkursiv der 

Zecken (Acari: Ixodidae); (ii) der Detektion und Charakterisierung von Arboviren der 

Stechmücken, Zecken und Reptilien sowie der Rekonstruktion der raum-zeitlichen 

Muster der Migration des West Nil Virus (WNV) in Rumänien durch eine phylo-

geographische Analyse; (iii) der Analyse der Blutmahlzeiten von Stechmücken und 

Gnitzen als Surrogaten der Interaktionen mit Wirtsgemeinschaften und der daraus 

folgenden Implikationen für die Virusökologie. In diesem letzten Abschnitt wird der 

Versuch unternommen zu beschreiben, in wie fern die Analyse von  wirtsspezifische 

Antikörper in den Blutmahlzeiten der Stechmücken als Mittel zur sog. 

«Xenoüberwachung» des WNV genutzt werden könnte. 
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Die Beprobung  des DDBR in den Jahren 2014 – 2016 offenbarte eine üppige 

Stechmückenfauna, gebildet durch 16 verschiedene Taxa, mit zwei 

Erstbeschreibungen für die Region Rumänien. Für WNV kompetente Vektoren 

bildeten, mit Hinsicht auf Komposition sowie Häufigkeit, die Mehrheit der 

gesammelten Arten. Zudem konnten im Jahr 2017 acht Taxa der Gnitzen beschrieben 

werden. Wie schon bei den Stechmücken, zeigten sich auch hier weitere 

Erstbeschreibungen für die rumänische Entomofauna. Zur taxonomischen 

Bestimmung wurden Methoden der klassischen Morphologie sowie des molekularen 

«Barcodings» der mitochondrialen DNA herangezogen und miteinander kombiniert. 

So konnte nicht nur die Bestimmungen im Allgemeinen verbessert werden, sondern es 

offenbarten sich auch einige interessante Zusammenhänge der intra- bzw. 

interspezifischen Beziehungen von Stechmücken und Gnitzen des DDBR.  

Der zweite Teil der Dissertation behandelt die Detektion und 

Charakterisierung von Viren in einer Großzahl von Stechmücken. Dabei zeigte sich 

das nur ein geringer Teil mit dem WNV infiziert war. Eine phylo-geographische 

Rekonstruktion mit den Daten der europäischen und afrikanischen Linien des WNV 

zeigt, dass dieses wenigstens zweimal unabhängig in Rumänien eingeführt wurden 

sein muss. Die interkontinentalen Migrationsbewegungen des Virus überlappen mit 

den Zugwegen der Vögel zwischen Afrika und Eurasien. Dies hebt die Bedeutung des 

DDBR in seiner Rolle für die regionale Verteilung des Virus hervor. 

Eine metagnomische Analyse von Serumproben aus Reptilien der Region um 

Letea zeigte das Vorhandensein eines unbekannten Orbivirus der Ringelnatter (Natrix 

natrix). Zwar ordneten phylogenetische Analysen den Letea Virus der Klade der 

Culicoides/Sandmücken-übertragenden Orbiviren zu, es konnte jedoch nicht in direkt 

in Stechmücken, Gnitzen oder Zecken nachgewiesen werden. 

Ein weiteres unbekanntes Virus, vorläufig Sulina Virus genannt, wurde in Ixodes 

ricinus Zecken aus zwei ländlichen Gegenden nahe der Schwarzmeerküste entdeckt. 

Das Sulina Virus gehört zu den Orthonairoviren (Nairoviridae) und repliziert nicht in 

Säugetierzellen oder adulten Mäusen. 
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Das ausgiebige Fangen von Stechmücken und Gnitzen resultierte in einer 

großen Sammlung von Individuen mit aufgenommenen Blutmahlzeiten. Deren 

Analyse zeigte ein weites Wirtsspektrum beider Vektorgruppen an. Säugetiere wie 

Rinder, Pferde, Menschen und Wildschweine waren die am häufigsten identifizierten 

Wirte. Zwar gab es absolut weniger Blutmahlzeiten die Vögeln zugeordnet werden 

konnten, diese zeigten dann jedoch eine hohe Diversität und bildeten mehr als 70% 

der aus Gnitzen bzw. die Hälfte der aus Stechmücken identifizierten Wirte. 

Zusammengenommen impliziert die Wirtsselektion dieser Vektoren eine extrinsische 

Steuerung durch Faktoren wie der Verfügbarkeit und Anzahl von Wirten. 

Spezifische Antikörper gegen Falviviren (Flaviviridae) konnten in 

Blutmahlzeiten, stammend von Pferden und Hunden, nachgewiesen werden. Dieser 

Ansatz der «Xenoüberwachung» ergänzt die anderen molekularen und phylo-

geopraphischen Ansätze zum Verständnis der Ökologie des WNV in der Region. Des 

Weiteren bestätigte es das Potential von Hunden als sog. «Sentinals» zur 

Überwachung der WNV Zirkulation. 

Die Ergebnisse dieser Arbeit illustrieren die dynamische Zirkulation von 

Arboviren durch die große Menge von Vektoren und Wirten in den verschiedenen 

Ökosystemen des DDBR. Weiterhin werden in dieser Dissertation die Ergebnisse der 

ersten Studien zur molekularen Analysen von Vektorblutmahlzeiten, zur Detektion 

eines Ortonairovirus und phylo-geopgrahischen Analyse des WNV in Rumänien 

sowie des ersten Berichtes eines Orbiviruses in einem Reptil zusammengefasst. Jedoch 

verbleiben einige Lücken im Verständnis der Lebenszyklen dieser neu 

charakterisierten Viren. Weiterhin sind weitere genetische und ökologische Daten der 

rumänischen WNV Linien für eine bessere Auflösung der phylo-geopraphischen 

Rekonstruktion von Nöten. Nichtsdestotrotz stellten die Ergebnisse dieser Arbeit den 

Ausgangspunkt für weitere Studien zu Vektorpopulationen und für zu entwickelnde 

Unternehmungen zur Überwachung von Arboviren in dieser wenig untersuchten 

Region, mit ihrer besonderen Anfälligkeit und Vorbelastungen an Vektor-

übertragenden Krankheiten, da.  



 7 

Acknowledgements 
Many people contributed in many ways to this project and to the longer 

journey. None of this would be possible without the support and patience of my 

family. I am very grateful for their constant support and patience, especially in the 

early years of dealing with wildlife around our home.  

I wish to thank to Professor Dr. Jonas Schmidt-Chanasit for his trust, 

generosity and humor. Without the initiative of Dr. Daniel Cadar there would be no 

project in Danube Delta and paths would not have crossed. I am indebted to him for 

teaching me, for his friendship, support and rough rides through swamps and storms, 

failed experiments and long nights in doubt.   

Because self-doubt and excitement are inherent in this work, I kept my sanity 

with the help of Alexandra Bialonski, Heike Baum, Jonny Schulze, Mathis Petersen, 

Leonie Meya, Jessica Börstler, Corinna Thomé, Alexander Schlaphof, Branka and 

Bernhard Zibrat, Anucha Ponyian and Claudia Poggensse. I am grateful to them for 

teaching, listening and offering me their advice. 

A significant part of my work was supervised by Dr. Renke Lühken. I wish 

to thank him for his patience during my first manuscripts, for guidance and company 

in the tropics and during long stopovers. In this regard, I am thankful to Dr. Stephanie 

Jansen and Dr. Hanna Jöst for their help with insect work, to Professor Dr. Egbert 

Tannich for supporting the study of mosquitoes in Danube Delta and to Dr. Andreas 

Krüger for fruitful discussion on entomological problems.  

Family played an important part in this project and the memorable time 

spent on the field would not have been so fruitful without the help of my cousin, Iulia 

Maranda. Her composure and diligence set the bar from the first trip. We discovered 

and learned together. Also, this project would not have developed the way it has 

without the help of Liviu Pârâu, Vasile Suhov and Patricia Iftene. Thank you! 

 
 
 



 8 

Table of Contents 
Abstract ....................................................................................................................................... 1 

Zusammenfassung .................................................................................................................... 4 

Acknowledgements .................................................................................................................. 7 

List of Abbreviations ............................................................................................................. 10 

List of Figures .......................................................................................................................... 14 

List of Tables ........................................................................................................................... 18 

1 Introduction .......................................................................................................................... 19 

1.1 Background ........................................................................................................................ 19 

1.2 Arbovirus surveillance in Europe ................................................................................. 26 
1.2.1 Arbovirus surveillance in Romania ..................................................................................... 28 

1.3 Arboviruses relevant to public health in Europe ....................................................... 30 
1.3.1 Mosquito-borne viruses ......................................................................................................... 30 
1.3.2 Tick-borne viruses .................................................................................................................. 34 
1.3.3 Culicoides-borne viruses ........................................................................................................ 37 

1.4 The importance of vector feeding patterns .................................................................. 39 
1.4.1 Xenosurveillance: disease identification using blood meals ......................................... 41 

1.5 Study rationale and aims ................................................................................................. 42 

1.6 List of publications ........................................................................................................... 45 

2 Additional Chapter: Discovery and Genetic Characterization of Sulina Virus, a 
Novel Orthonairovirus Infecting Ixodes ricinus Ticks from Danube Delta ............... 47 

2.1 Background ........................................................................................................................ 47 

2.2 Materials and methods .................................................................................................... 49 
2.2.1 Tick sampling and processing .............................................................................................. 49 
2.2.2 Sulina virus discovery and genome sequencing ............................................................... 49 
2.2.3 Prevalence of Sulina virus in ticks ...................................................................................... 50 
2.2.4 Virus isolation .......................................................................................................................... 50 
2.2.5 Serological screening of engorged ticks and host sera .................................................... 51 
2.2.6 Sequence data analysis ........................................................................................................... 51 

2.3 Results ................................................................................................................................. 53 
2.3.1 Tick identification, molecular and serological screening of Sulina virus ................... 53 
2.3.2 Sulina virus genome ............................................................................................................... 54 
2.3.3 Phylogenetic analysis ............................................................................................................. 60 

2.4 Discussion .......................................................................................................................... 63 

3 General Discussion ............................................................................................................. 69 

3.1 Vector surveillance in Danube Delta Biosphere Reserve ......................................... 69 
3.1.1 Longitudinal mosquito surveillance ................................................................................... 69 



 9 

3.1.2 Species composition of Culicoides biting midges ............................................................ 76 

3.2 Detection and characterization of arboviruses ........................................................... 81 
3.2.1 West Nile virus: phylogeography of an endemic pathogen ........................................... 81 
3.2.2 Letea virus: a reassortant orbivirus discovered in grass snakes (Natrix natrix) ......... 87 

3.3 Vectors feeding patterns .................................................................................................. 94 
3.3.1 Host-feeding pattern of mosquitoes .................................................................................... 94 
3.3.1.1 Xenosurveillance of WNV using mosquito blood meals ........................................... 100 
3.3.2 Blood meal analysis of Culicoides biting midges ........................................................... 102 

4 Conclusions and outlook ................................................................................................. 107 

5 References ........................................................................................................................... 110 

Appendix ................................................................................................................................ 142 
 
  



 10 

List of Abbreviations 

Abbreviation 
 

Full description 
Ae. aegypti - Aedes aegypti 

Ae. albopictus - Aedes albopictus 
Ae. atropalpus  - Aedes atropalpus 

Ae. caspius - Aedes caspius 
Ae. detritus - Aedes detritus 

Ae. hungaricus - Aedes hungaricus 
Ae. japonicus - Aedes japonicus 
Ae. koreikus - Aedes koreikus 
Ae. vexans - Aedes vexans 

AHSV - African horse sickness virus 
AHV - Abu Hammad virus 
AIC - Akaike Information Criterion 

aLRT - approximate Likelihood Ratio Test  
AMV - Abu Mina virus 

An. algeriensis - Anopheles algeriensis 
An. hyrcanus - Anopheles hyrcanus 

An. maculipennis s.l.  - Anopheles maculipennis sensu lato 
ARTSV - Artashat virus 
ASFV - African swine fever virus 
BDAV - Bandia virus 

BF - Bayes factor 
BG-GAT  - Biogents Gravid Aedes trap 

BOLD - Barcode of Life database 
BTV - Bluetongue virus 

BUKV - Bukakata virus 
C. griseidorsum  - Culicoides griseidorsum  
C. kibunensis  - Culicoides kibunensis  

C. pallidicornis - Culicoides pallidicornis  
C. punctatus  - Culicoides punctatus 

C. puncticollis - Culicoides puncticollis  
 C. riethi  - Culicoides riethi 

 C. subfasciipennis  - Culicoides subfasciipennis  
C/SBOV - Culicoides/sand fly-borne orbivirus 
CCHFV - Crimean-Congo hemorrhagic fever virus 
cDNA - complementary deoxyribonucleic acis 
CGLV - Changuinola virus 



 11 

CGV - Chobar Gorge virus 
CHIMV - Chim virus 
CHUV - Chuzan virus 
CNUV - Chenuda virus 

CO2 - carbon dioxide  
COI - cytochrome c oxidase subunit I 

Coq. richiardii - Coquillettidia richiardii 
CORV - Corriparta virus 

Cx. modestus - Culex modestus 
Cx. pipiens s.l./torrentium  - Culex pipiens sensu lato/torrentium 

DDBR - Danube Delta Biosphere Reserve 
DENV - Dengue virus 
DGKV - Dera Ghazi Khan virus 
DNA - deoxyribonucleic acid  

(ds)RNA - double-stranded ribonucleic acid 
DUGV - Dugbe virus 
ECSA - East/Central/South	African		
EEC1 - East European Clade 1 
EEV - Equine encephalosis virus 

EHDV - Epizootic hemorrhagic disease virus 
ELISA - Enzyme-linked Immunosorbent Assay  
ERV - Estero Real virus 

ERVEV - Erve virus 
EU - European Union 

EUBV - Eubenangee virus 
EVS - Encephalitis Vector Surveillance 

FOMV - Fomede virus 
GC - guanine-cytosine 

GERV - Geran virus 
GIV - Great Island virus 
GPC - glycoprotein precursor 

HAZV - Hazara virus 
HUGV - Hughes virus 
IBOV - insect-borne orbivirus 
IFEV - Ife virus 
IgG - Immunoglobulin G 

ISKV - Issyk-Kul virus 
ISV - insect-specific virus 

JAPV - Japanaut virus 



 12 

KASOV - Kasokero virus 
KEMV - Kemerovo virus 
KTRV - Keterah virus 

KUPEV - Kupe virus 
L - large genomic segment 

LEAV - Letea virus 
LEBV - Lebombo virus 
LIPV - Lipovnik virus 
LPHV - Leopard Hill virus 

M - medium genomic segment 
MBOV - mosquito-borne orbivirus 
MCC - maximum clade credibility  

MCMC - Markov Chain Monte Carlo 
mDNA  - mitochondrial deoxyribonucleic acid 

ML - maximum likelihood 
MLD - mucin-like domain 

MOBV - Mobuck virus 
N - nucleocapsid 

NaCl - sodium chloride 
NGS - next-generation sequencing 
NJ - neighbor-joining 

NSDV - Nairobi sheep disease virus 
ORF - open reading frame 

ORUV - Orungo virus 
OTU - ovarian tumor domain 

PALV - Palyam virus 
PATAV - Pata virus 

PCR - polymerase chain reaction 
PCTN - Pacific coast tick nairovirus 
PHSV - Peruvian horse sickness virus 
PLV - Parry’s Lagoon virus 

PMSF - phenylmethanesulfonyl fluoride 
QYBV - Qalyub virus 
RdRp - RNA-dependent RNA polymerase 
RNA - ribonucleic acid 

RT-PCR  - reverse transcription-polymerase chain reaction 
S - small genomic segment 

s.l.  - sensu lato 
SAKV - Sakhalin virus 



 13 

SAPV - Saphire ll virus 
SBV - Schmallenberg virus 

SCRV - St. Croix River virus 
SKI-1/S1P - subtilisin/kexin-isozyme-1/site-1 protease  

SOLV - Soldado virus 
(ss)RNA - single-stranded ribonucleic acid 

SULV - Sulina virus 
SVIV - Sathuvachari virus 

SySV-1 - Shāyáng spider virus 1 
TAGV - Taggert virus 
TAMV - Tamdy virus 
TBEV - Tick-borne encephalitic virus 
TBOV - tick-borne orbivirus 
TcTV-1  - Tǎchéng tick virus 1 
TFAV - Thiafora orthonairovirus 
TFLV - Tofla virus 

TIBOV - Tibet orbivirus 
TILLV - Tillamook virus 
TOV - tick orbivirus 
TRBV - Tribeč virus 

UMAV - Umatilla virus 
Ur. unguiculata - Uranotaenia unguiculata 

UTR - untranslated region 
USUV - Usutu virus 
UZAV - Uzun-Agach virus 
WALV - Wallal virus 
WARV - Warrego virus  
WEC1 - West European clade 1 
WMV - Wad Medani virus 
WNV - West Nile virus 
WzTV - Wēnzhōu tick virus 
YFV - Yellow fever virus 

YOUV - Yunnan virus 
ZIKV - Zika virus 

  



 14 

List of Figures 
Figure 1. Hypothetical arbovirus life cycle (source: Gubler & Vasilakis [31])….…22 
 
Figure 2. Transmission cycle of WNV….……………………………………………...30 
 
Figure 3. Transmission cycle of USUV……………………….………………………..31 
 
Figure 4. Transmission cycle of DENV (adapted after Weaver & Vasilakis [7]…...32 
 
Figure 5. Transmission cycle of CHIKV (adapted after Tsetsarkin et al. [248]……33 
 
Figure 6. Transmission cycle of TBEV. Some rodents may be involved in non-
viraemic transmission of virus to uninfected immatures. Large hosts are necessary for 
completion of the tick life cycle, without reported involvement in the virus cycle. 
Green arrows indicate tick life cycle. Black arrows indicate possible transmission of 
TBEV between ticks and mammals or directly between ticks (source: Estrada-Peña & 
de la Fuente [261])…………………………………………………………………………….34 
 
Figure 7. Transmission of CCHFV by Hyalomma ticks. Green arrows indicate tick 
life cycle. Larvae remain attached on small host and molt (two-host tick) or detach and 
molt (three-host ticks) (transition marked by asterisk). Nymphs follow a similar 
pattern. Adults feed on large hosts. Black arrow indicates the efficiency of virus 
transmission between ticks and mammals (solid) or between co-feeding ticks (dashed). 
Humans are infected by tick bite or exposure to fluids of viraemic vertebrates. (source: 
Bente et al. [269])……………………………………………………………………………...36 
 
Figure 8.  Transmission cycle of BTV (modified after Mullens et al. [285])…….…..38 
 
Figure 9.  Transmission cycle of SBV….………………………………………………..39 
 
Figure 10. Study area in DDBR with sampling sites used between 2014 and 2017. 
Vector trapping targeted mosquitoes (2014-2016), biting midges (2016) and ticks (2014-
2017). Potential arbovirus hosts (herpetofauna) sampled were Pelophylax frogs, 
European pond turtles (Emys orbicularis) (2014-2016) and snakes (Natrix natrix and 
Natrix tessellata) (2014-2017). Lower left grey map depicts the African-Eurasian bird 
migration flyways as described by Bairlein et al. [1]. Red rectangles localize the study 
area at national (higher left) and continental scales. (lower left)………………………...44 



 15 

 
Figure 11. SULV nucleocapsid protein: a) illustration of segment S and encoded 
nucleocapsid; b) Pairwise identity matrix of orthonairovirus nucleocapsids 
…………………………………………………………………………………...……………..55 
 
Figure 12.  SULV glycoprotein precursor (GPC): a) illustration of segment M and 
encoded glycoproteins Gn and Gc; b) Pairwise identity matrix of orthonairovirus  
GPCs…………………………………………………………………………………………...57 
 
Figure 13. SULV RdRp: a) illustration of segment L and encoded polymerase; b) 
Pairwise amino acid identity matrix of orthonairovirus RdRps………………………...59 
 
Figure 14. Maximum likelihood phylogenetic tree based on the S protein 
(nucleocapsid) of representative orthonairoviruses and Sulina virus (in red). The color 
and size of node circles indicate statistical support by approximate likelihood ratio test 
(aLRT) in PhyML 3.0. Shayang virus was used as outgroup and the scale bar indicates 
substitutions per site…………………………………………………………………………61 
 
Figure 15. Maximum likelihood phylogenetic tree based on the M protein 
(glycoprotein precursor) of representative orthonairoviruses and Sulina virus (in red). 
The color and size of node circles indicate statistical support by approximate 
likelihood ratio test (aLRT) in PhyML 3.0. Shayang virus was used as outgroup and 
the scale bar indicates substitutions per site……………………………………………….62 
 
Figure 16. Maximum likelihood phylogenetic tree based on the L protein (RdRp) of 
representative orthonairoviruses and Sulina virus (in red). The color and size of node 
circles indicate statistical support by approximate likelihood ratio test (aLRT) in 
PhyML 3.0. Shayang virus was used as outgroup and the scale bar indicates 
substitutions per site…………………………………………………………………………63 
 
Figure 17. Maximum likelihood (ML) phylogeny of the COI fragments from 14 
mosquito species collected in DDBR (2014, red font). Red portions of the tree and 
magnified areas in grey/orange indicate the location of the mosquito species detected 
in this study. Ae. hungaricus and An. algeriensis are highlighted in orange. The ML and 
parallel NJ bootstrap values above 70% (1000 replicates) are marked by asterisk. The 
scale-bar indicates the genetic distance as the mean number of nucleotide substitutions 
per site………………………………………………………………………………………....71 
 



 16 

Figure 18. Number of specimens of the seven most common mosquito taxa (>2000 
specimens) detected per calendar week in the DDBR (2014)…………………………….72 
 

Figure 19. Proportion of three functional groups and West Nile virus vectors of the 
total mosquito collection per calendar week in the DDBR (2014).....................................73 
 
Figure 20. Maximum likelihood phylogenetic tree of COI fragments from Culicoides 
spp. collected in the DDBR (2017). The tree was inferred using an HKY + G model 
(1000 bootstrap replicates) and rooted with Forcipomyia sp. and Culex quinquefasciatus. 
Branch support values of ≥50% are displayed and GenBank accession numbers of 
sequences shown on the branch tips………………………………………………………..79 
 
Figure 21. Migration patterns of WNV between Africa and Europe and within 
Europe based on Bayes factor (BF) test for significant non-zero rates using a) complete 
genome and b) partial NS5 dataset; Viral migration patterns are indicated between the 
different regions and countries, being proportional to the strength of the transmission 
rate (Bayes factor [BF]). The colors of connections indicate the origins and the 
directions of migration and are proportional with the strength of connections. Only 
well-supported paths between locations are shown……………………………………...82 
 
Figure 22. a) Root-to-tip regression analysis of the West Nile virus (WNV) complete 
genome-based maximum likelihood tree. Plots of the root-to-tip genetic distance 
against sampling time are shown; b) Bayesian maximum clade credibility (MCC) tree 
representing the timescale phylogeny of WNV lineage 2, based on complete genome 
sequences, including the EEC1 clade. The colored branches of the MCC tree represent 
the most probable geographic location of their descendant nodes (see color codes). 
Time is reported in the axis below the tree and represents the year before the last 
sampling time (2018)……………………………………………………………………...….83 
 
Figure 23. a) Root-to-tip regression analysis of the WNV partial NS5-based 
maximum likelihood tree. Plots of the root-to-tip genetic distance against sampling 
time are shown; b) Bayesian maximum clade credibility (MCC) tree representing the 
timescale phylogeny of WNV lineage 2, based on NS5 gene sequences, including the 
EEC1 and WEC1 clades. The colored branches of the MCC tree represent the most 
probable geographic location of their descendant nodes (see color codes). Time is 
reported in the axis below the tree and represents the year before the last sampling 
time (2018)……………………………………………………………………………………..84 



 17 

Figure 24. Graphical representations of gene reassortment and intragenic 
recombination between LEAV strains. Each colored circle represents a different LEAV 
strain. The 10 horizontal lines inside the circles represent the 10 genomic segments. 
Solid lines indicate reassortments of genes between different LEAV variants. Dashed 
arrows show the origins of gene fragments that have potentially been derived through 
recombination……………………………………………………………………………...…92 
 
Figure 25. Maximum likelihood phylogenetic trees of the VP1 a), T13 (VP7) b) and 
T2 c) orbivirus proteins constructed using maximum likelihood inference and 100 
bootstrap replicates. Bootstrap support of ≥80% is displayed at the nodes. Letea virus 
(LEAV) is indicated by the red triangle. C/SBOV stands for Culicoides-/sand fly-borne 
orbiviruses, MBOV stands for mosquito-borne orbiviruses and TBOV stands for tick-
borne orbiviruses……………………………………………………………………………..93 
 
Figure 26. a) Percentage of host-feeding groups (birds, human, non-human 
mammals) of the six most abundant bloodfed mosquito taxa and b) percentage of 
main host species detected in the two rural sampling sites (Letea, Sulina) and the two 
natural ones (Dunărea Veche and Lake Roșuleț) in 2014–2016………………………...100 
  



 18 

List of Tables 
Table 1. Ticks collected in DDBR (2016) and screened by SULV-specific RT-PCR, 
with information on host species and number of SULV-positive Ixodes ricinus………....53 
 
Table 2. Mosquito taxa recorded in the study area of DDBR between 2014 and 
2016, with the number of specimens collected, overall proportion and information on 
their involvement in WNV transmission, in Romania or elsewhere……………………...74 
 
Table 3. Biting midge taxa identified in DDBR in 2017………………………….…80 
 
Table 4.  Frequency and percentage (in brackets) of detected hosts for the six most 
abundant mosquitoes and information on the overall proportion of each host detected in DDBR 
between 2014 and 2016………………………………………………………………………...97 
 
Table 5. Frequency and percentage (in brackets) of detected hosts for the six least 
abundant mosquitoes and information on the overall proportion of each host detected in DDBR 
between 2014 and 2016………………………………………………………………………...99 
 
Table 6. Bloodfed mosquitoes positive for flavivirus (WNV) IgG antibodies with 
information on the host species, sampling year and collection sites in the DDBR 
between 2014 and 2016……………………………………………………………………….101 
 
Table 7. Frequency and percentage (in brackets) of identified Culicoides biting 
midges and their vertebrate hosts in DDBR in 2017……………………………………....105 

  



 19 

1 Introduction 

1.1 Background 

Almost two decades ago it was estimated that zoonoses account for over 60% 

of human infectious diseases and zoonotic pathogens have a double potential for 

emergence compared to the non-zoonotic ones [2]. More recent estimates discuss 

about approximately two-thirds of human infections as being shared with other 

animals [3]. The intimate connection between human and animal health was observed 

for a long time. Towards the end of the 20th century the concept of “health” 

progressed from a focus on human health to inclusion of the domesticated species’ 

health, to wildlife and flora, and eventually to ecological systems and the environment 

[4]. In the wake of outbreaks of West Nile virus (WNV), Severe Acute Respiratory 

syndrome (SARS), Ebola virus disease (EVD), monkey pox and avian influenza, the 

biomedical community called for unity within an inter- and transdisciplinary 

framework which today hopes to include other issues, such as antimicrobial resistance 

[5]. The name of this holistic approach combining conservation with human and 

veterinary medicine eventually became the “One Health” concept. 

Over a long history of interaction with humans, arthropod-borne viruses 

(arboviruses) have been causing a great deal of morbidity and mortality. Chinese 

historical records from 3rd and 10th century CE contain clinical descriptions resembling 

a dengue-like illness [6]. More recently, reports of similar clinical pictures, describing 

acute illness with prolonged convalescence, appeared in the French West Indies and 

Panama in the 1600s [6]. By the 1700s, Dengue virus (DENV) had spread globally, 

from Asia and Africa to North America, probably helped by sailing ships and the 

development of global trade [7]. Similarly to DENV, Yellow fever virus (YFV) and its 

mosquito vector, Aedes aegypti, are very likely to have been introduced from Africa to 

South America in the bilges of the sailing vessels during the slave trade (around 300-

400 years ago) [8,9] 
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The last two centuries since the First Industrial Revolution painted a very 

complex picture of today’s world; over a background of industrialization and 

globalisation, human population increased and the biosphere became dominated by 

human activity. The conversion of natural areas and human migration related to 

conflict and climate change are rapidly altering the profile of infectious diseases 

[10,11]. The connection between a rapidly changing world and the increasing impact 

of infectious diseases seems part of a logical progression and is evident perhaps for 

many. However, it is as evident that fast changes in ecosystems and population 

dynamics will entail complex epidemiological scenarios, as both hosts and pathogens 

seek to adapt to a changing environment. Eco-climatic changes, marked by 

urbanization, intensification of agriculture and expanded networks for movement of 

people and goods, favor the movement of infected hosts and invasive species acting as 

disease vectors. Habitat fragmentation by deforestation, mining, expansive agriculture 

or dam building is causing alterations in the vector-host-parasite relationship [12]. In 

many cases, epidemics and epizootics are caused by human encroachment on 

ecosystems where arboviral transmission cycles occur naturally (i.e. sylvatic cycles) 

[13]. The change of land use initiated by deforestation can help mosquito vectors to 

invade and thrive in new habitats [14]. For example, the colonization of the Amazon 

region, with the development of road networks and increase in human population, has 

led to the emergence and spread of numerous new viruses. Human biting rates of the 

primary vector of malaria in the Amazon, Anopheles darlingi, were more than 270 times 

higher in deforested areas associated with road development than in areas with intact 

forest coverage [15]. Contacts between humans and DENV have increased during and 

after the Second World War, when large-scale ecologic and demographic disruptions 

were followed by rapid urbanization with inadequate housing and sewage. This 

facilitated dispersal and high densities of Ae. aegypti, leading to an increase in 

magnitude and frequency of dengue epidemics in the following decades. Today, over 

half of the world’s human population is living in areas of dengue risk [6,7,16]. Other 

arboviruses, such as WNV, Zika virus (ZIKV) and Chikungunya virus (CHIKV), 
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achieved comparable spread by emergence and reemergence from previously 

restricted foci [17], even despite efficient human vaccines for some viruses (e.g., YFV) 

[18]. 

Diversity of arboviruses 

Arboviruses are not a proper taxonomical group, but rather a category 

defined around biological and ecological characteristics. The natural arboviral cycle is 

a complex interplay between the virus, a primary hematophagous arthropod vector 

(acting also as reservoir) and a primary vertebrate amplification host (further referred 

to as host). After being ingested with a blood meal taken from an infected vertebrate 

host, the virus escapes anatomical and physiological barriers inside the vector’s body 

and disseminates systemically during an interval known as the extrinsic incubation 

period. The viral load becomes high in some tissues, particularly in the salivary glands 

from where the virus is ready to be transmitted to another vertebrate during a next 

feeding bout [19]. The main arthropod vectors are mosquitoes (Diptera: Culicidae) [20] 

sand flies (Diptera: Psychodidae) [21], biting midges (Diptera: Ceratopogonidae) [22] 

and ticks (Ixodida: Ixodidae and Argasidae) [23]. Other arthropods may be involved in 

arbovirus transmission to a lesser extent: louse flies (Diptera: Hippoboscidae) [24,25], 

lice (Phthiraptera: Echinophthiriidae) [26], mites (Acari: Mesostigmata) [27], bed bugs 

(Hemiptera: Cimicidae) [28] and fleas (Phthiraptera) [29]. For the natural cycle 

(biological transmission) to be completed, the virus must replicate in both arthropod 

and vertebrate. The vertebrates capable to develop viraemia and sustain transmission 

belong to all classes of terrestrial vertebrates. Most commonly these are birds, bats, 

rodents and primates [30]. Arbovirus cycles are remarkably complex, as highlighted 

by their evolutionary strategies for spread and persistence into new areas with new 

host populations. Changes in vector and host ecology (e.g., caused by encroachment 

on natural habitats) may allow the virus to escape the primary cycle and establish a 

secondary cycle, involving other vector and host species (Figure 1). In many cases, 

secondary hosts (e.g., humans, domestic animals) become incidental hosts with limited 

or no contribution to arbovirus maintenance (“dead end” hosts) [31]. The distinction 
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between “reservoir” and “amplifier” has become blurred and the two terms referring 

to a vertebrate host are often used interchangeably [32,33]. Based on data about the 

habitat and type of arboviral transmission, vertebrate hosts classified into reservoirs 

are those almost exclusively involved in enzootic transmission in sylvatic 

environments, while amplifiers are those acting in epidemic/epizootic transmission in 

urban or anthropic environments [33,34]. However, the arthropod vectors are often 

considered reservoirs and/or amplifiers of the virus, while the vertebrates retain only 

the status of amplifier. These intricate aspects of transmission roles add to the 

difficulty of disentangling the transmission networks of arboviruses.  

The capacity to perpetuate in multiple ecological niches suggests an 

enormous number of arboviruses, of which only little over 500 are known [31]. Almost 

150 species are known as causal agents of human disease [19]. Known pathogenic 

arboviruses for humans and other animals belong mainly to nine families: Asfarviridae 

(genus Asfarvirus with a single species, African swine fever virus), Nairoviridae (genus 

Orthonairovirus), Peribunyaviridae (genus Orthobunyavirus), Phenuiviridae (genus 

Phlebovirus), Flaviviridae (genus Flavivirus), 

Reoviridae (genus Orbivirus) Rhabdoviridae 

(genera Ephemerovirus and Vesiculovirus), 

Orthomyxoviridae (genus Thogotovirus) and 

Togaviridae (genus Alphavirus). Because 

arboviruses are defined on the basis of 

their biological properties and complex 

natural cycles, classification and species 

definition was subject of many changes 

during the last several decades. Viral 

taxonomy was based primarily on 

morphology and antigenic properties. 

Members of a virus species were defined 

based on a consensus around genome 

Figure 1. Hypothetical arbovirus life cycle 
(source: Gubler & Vasilakis [31]) 
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sequence relatedness, natural host range, cell and tissue tropism, pathogenicity, mode 

of transmission and antigenic properties (“polythetic” species definition) [35]. The 

definition of a virus species has changed in the last decade, from the concept of a 

polythetic class to “a monophyletic group of viruses whose properties can be 

distinguished from those of other species by multiple criteria” [36], emphasizing 

phylogenetic relatedness as the defining property. With no other property to 

simultaneously differentiate between members of a virus species, the delineation of 

species often becomes an arbitrary task along the lines of genetic similarity [37], with a 

continual need for modification as new viruses are discovered.  

Relatively recent advances in molecular biology, in particular the 

development of high-throughput sequencing and metagenomics, had a profound 

effect on virus taxonomy. Molecular and bioinformatic tools have improved our ability 

to detect and characterize viral communities from a large variety of biological samples 

[38–42]. This was showcased also by the discovery of “insect-specific viruses” (ISV) 

that infect insects and insect cells, but do not replicate in vertebrate or vertebrate cells 

[43]. Many of discovered ISVs belong to viral families of known arboviruses [44–48]. A 

close association of ISVs with their insect hosts is assumed to be an ancient 

characteristic, because many of them are vertically transmitted [49] and some have 

become integrated within the genomes of their arthropod hosts [50]. Mechanisms of 

ISV transmission and maintenance in nature are so far unclear. The most prevalent 

assumption supported by experimental [49,51] and field studies [52] is that these 

viruses are maintained by vertical transmission. Discovery of ISVs and their 

interactions with other components of a vector’s microbiome is relevant from the 

perspective of vaccine development [53] or their potential as biological control agents 

influencing vector competence (i.e., decreasing the vector’s ability to transmit 

pathogenic arboviruses) [54–57]. 

Unique aspects of arbovirus evolution 

With the exception of ASFV, arboviruses have RNA genomes with a high 

mutation rates as a result of replication via the low fidelity RNA polymerase. The 
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outcome is a wide range of genetic variation subjected to natural selection and a much 

faster evolution in comparison to DNA organisms [58]. RNA viruses are also 

characterized by small genomes [59]. The mutation rates of RNA viruses are orders of 

magnitude higher in comparison to those of most DNA viruses (single-stranded DNA 

viruses provide some exceptions). Both RNA and DNA viruses using a low fidelity 

polymerase have mutation rates estimated in the range of 10-3–10-5 changes introduced 

per nucleotide copied, i.e. approximately one substitution per genome per replication 

cycle for those viruses using RNA-dependent RNA polymerase for replication [59,60].  

Molecular evolution of viral genomes depends also on factors other than the 

inherent differences between RNA and DNA replication machineries, with some DNA 

viruses shown to evolve at rates close to those of RNA viruses [61]. The fast evolution 

of RNA viruses (including arboviruses), with rapid growth kinetics and selection 

acting at the level of populations tending to near-infinite sizes is a challenge to the 

traditional paradigm of population genetics. As a result, the use of the species concept 

in virus taxonomy presents some difficulties [58]. In this regard, the adoption of the 

quasispecies proved useful. The quasispecies theory is a mathematical formulation 

conceived for describing the fast-evolving and self-organizing RNA-like molecules 

[62–64]. The current meaning of a viral quasispecies is a population of closely related, 

continuously mutating, thus non-identical virus genomes (a cloud or swarm of 

mutants), in competition and under selection for the fittest group of variants in a given 

landscape [65–67]. Although a high mutation rate results in many nonviable 

progenies, such rates create a “cloud” or “swarm” of potentially favorable mutations 

at population level, increasing the chances for adaptation in new hosts [63]. Single 

genomes influence the replication of others in a negative or positive manner, making 

selection operational at the population (cloud) level, akin to group selection [65]. Thus, 

the strains that are part of the viral quasispecies determine collectively the phenotype 

of the viral population (e.g., virus fitness, host response/disease) through their 

interaction [68–71].  
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The low fidelity of the RNA polymerase creates a background of random 

point mutation (insertion, deletion, substitution), over which arboviral genomes use 

additional mechanisms for genetic diversification. Whereas genetic drift operates on 

the viral genome incrementally, generating diversity and adaptation in a step-wise 

fashion, viruses can evolve also by recombination and reassortment. Genetic 

recombination occurs between closely related viral strains when they co-infect the 

same host cell. The resulting hybrid RNA molecule can be produced by homologous 

or non-homologous recombination; the latter means that genetic material is exchanged 

between different genomic regions [72]. Because this exchange requires the parental 

strains to be in close proximity within the same host cell during replication, the 

probability of recombination increases with multiplicity of infection. Given the very 

wide range of hosts and tissues that arboviruses infect, the frequency of recombination 

in nature is difficult to quantify [73]. Reassortment (genetic shift) is a mechanism used 

frequently by arboviruses with segmented genomes. It consists of swapping cognate 

genes among relatively close strains during co-infection, thus generating progenies 

with new genetic combinations [74]. Perhaps the most common example of a 

reassortant is influenza A virus (Orthomyxoviridae), a non-arbovirus which caused 

three major pandemics in the last half of century [75,76]. In arboviruses, gene 

reassortment is commonly detected among orbiviruses like Bluetongue virus (BTV) 

[77–79] and Epizootic hemorrhagic fever virus (EHDV) [80,81] and is pervasive in 

bunyaviruses [74]. 

The arboviral cycle requires at least two distinct hosts (the arthropod and the 

vertebrate), resulting in a dual host tropism of the virus. In many competent hosts and 

vectors, viral amplification can be very efficient and lead to high viral loads, 

sometimes of over a billion new genomes. In such cases, a vast sequence space can be 

explored during a single infection [82]. Adaptive evolution of arboviruses that 

facilitates emergence and spread is well exemplified by some mosquito-borne viruses 

(moboviruses). For example, in the New World, WNV displaced previously circulating 

strains by attaining a shorter extrinsic incubation period in Culex mosquitoes [83,84]. 
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Also, the differential virulence of WNV upon its arrival in the USA (being particularly 

devastating to crows) was found to rest on a single amino acid substitution of the NS3 

helicase; the resulting motif enhanced viral replication, increased viral load and the 

efficiency of transmission [85]. In the case of CHIKV, adaptive evolution enabled the 

infection of a local, secondary vector (Ae. albopictus), propelling CHIKV from Africa to 

the Indian Ocean and further to global spread [86,87].  

1.2 Arbovirus surveillance in Europe 

The amplification levels of arboviruses are highly variable in space and time. 

The natural (enzootic) transmission cycle can be completed at a very low level, 

oftentimes undetected [88,89]. When competent vectors feed on susceptible hosts 

within a permissive environment, amplification can quickly reach epidemic levels. 

Like in the other regions of the world, global connectedness and changing eco-climatic 

patterns have facilitated the spread and endemisation of some arboviruses and their 

vectors in Europe. This led to an increase of outbreak frequency and intensity in 

humans and other animals [90]. The presence of WNV is firmly established 

throughout most of southern and southeastern Europe, being detected in the last years 

in Austria, Bulgaria, Croatia, Cyprus, Czech Republic, France, Germany, Greece, 

Hungary, Italy, Portugal, Romania, Serbia, Slovenia, Spain, Turkey [91]. Vector 

surveillance can reveal the presence of pathogens prior to emergence and offer crucial 

information about pathogen circulation, so that control measures (e.g., vaccination, 

livestock biosecurity) can be timely implemented. Because the eco-epidemiological 

situation is very dynamic, knowledge gained from surveillance programs should be 

complemented by studies addressing key issues regarding local vectors, such as 

population genetics and vector competence. Arboviruses infecting vertebrates 

throughout Europe have increased both in diversity and in geographical range: Batai 

virus (BATV) in mosquitoes [92] and antibodies in bovines [93], Sindbis virus (SINV) 

in mosquitoes [94,95] and birds [96], Usutu virus (USUV) in mosquitoes [97], birds [98] 

and bats [99]. Not much time elapsed from detection of antibodies of USUV [100], until 

viral infections were confirmed in blood donors [101,102]. Furthermore, the hot 
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summers of 2018 and 2019 boosted the intensity of WNV outbreaks and its expansion 

northwards. The virus arrived in Germany and was first detected in birds, then in 

equids and humans [103]. Because its epidemiology is similar, if not identical to that of 

WNV, human cases of USUV infection saw a spectacular increase during these hot 

summers [104–106].  

Efficient vector surveillance is difficult to implement for many reasons, 

especially limited financial support, but also for training much-needed specialist 

entomologists [107]. In the case of moboviruses, one of the main concerns for 

European public and veterinary health, only a few countries are using an integrated 

vector-human-animal WNV surveillance approach (e.g., Austria, France, Greece, Italy, 

United Kingdom and Germany) [108–111]. Some other countries where outbreaks 

have become severe are developing such programs (e.g., Hungary and Serbia) [112–

114].  

A complicating factor for disease control is the spread of invasive vector 

species. Five invasive species of container-breeding Aedes mosquitoes are well 

established in Europe: Ae. albopictus, Ae. aegypti, Ae. japonicus, Ae. atropalpus and Ae. 

koreikus [115–122]. Aedes triseriatus was reported only once in France in 2004 [123]. 

Since it was first detected in Albania in 1970s, Ae. albopictus has spread to at least 20 

European countries, including the United Kingdom [124,125] and Germany [126]. 

Although Ae. aegypti was driven out of continental Europe since the 1970s, in 2012 this 

species triggered a dengue outbreak in Madeira [127] and is back on the eastern shores 

of the Black Sea [128].  

It is not only invasive mosquito vectors that ride the commercial networks of 

the world. Culicoides biting midges are vectors of bluetongue, a disease with a well-

documented history of intercontinental dispersal and devastating effects on ruminants 

[129]. Nationwide surveillance of this vector group is performed by fewer countries, 

mostly in the Mediterranean, where BTV is endemic [130]. Consequently, we have 

much less data on the bionomics of BTV vectors. In 2006, the spread (and subsequent 

overwintering) of sub-Saharan BTV8 serotype to northern Europe, over 900 km further 
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north than any known European limit, caused great loses to the European agriculture 

[131]. A few years later, the emergence of a new orthobunyavirus designated 

Schmallenberg virus (SBV) affecting cattle in western Europe, emphasised the 

necessity of Culicoides surveillance [132]. These outbreaks motivated research on vector 

ecology [133–136], vector competence [137–140] and taxonomy [141–143]; the last topic 

is notoriously difficult, as entomological training still benefits from little support [144].  

The spread of non-flying parasites such as ticks makes no exception in the 

context of changes to the biosphere impacting vectors and hosts. Among many 

important bacterial and parasitic pathogens, ticks harbor highly pathogenic 

arboviruses [145–147] and a very diverse microbiome from which virus emergence can 

be initiated [148–151]. Ticks can reach new habitats by attaching to migratory birds, 

livestock or exotic pets [152,153]. Infested birds can translocate parasites between 

distant habitats along intercontinental flyways between Africa and Europe [154–159]. 

Studies from migration hotspots or at stopover sites found birds carrying ticks positive 

for CCHFV [160], TBEV [161] or WNV [162]. The parasites can detach and establish 

new natural foci of vector-borne diseases if local conditions permit their survival [155]. 

This hypothesis received support in the recent years from studies documenting the 

arrival of Hyalomma spp. in western and northern parts of Europe [163–166]. 

1.2.1 Arbovirus surveillance in Romania 

Several arboviruses were reported in Romania since the 1950s (e.g., Tick-

borne encephalitis virus, West Nile virus, Kemerovo virus, Tahyna virus) [167–180]. In 

1996, Romania experienced one of the first and largest outbreaks of West Nile disease 

in Europe [181,182], followed by a second major outbreak in 2010 [183]. Since 1996, 

surveillance is mostly passive, with veterinary and occasional vector surveys at county 

level, usually following clinical outbreaks [182,184–186]. WNV is the main targeted 

arbovirus, predominantly in the south and east of the country [185–192]. As a result, 

data on arbovirus diversity, seroprevalence, as well as information about vector 

diversity and ecology is outdated or available for restricted areas or groups of species 
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where foci of disease were recorded [175,179,180,182,186,193]. Sporadic cases of ZIKV 

or DENV are occasionally imported via travellers [194–197].  

Populations of Ae. albopictus were found in the last decade (2012-2014) in the 

capital city, located in the south of the country [198]. A few years later (2017-2018), this 

species was found across a wider area in the south (Bucharest, Giurgiu, Ilfov, 

Prahova), but also in the east (Constanța), southwest (Mehedinți) and northwest 

(Bihor) [199]. 

Information about tick vectors is more up-to-date than for insect vectors and 

relies on more comprehensive sampling [172,200–204]. A recent and wider serological 

survey of TBEV in Transylvania confirmed that this virus is endemic to the region 

[205]. Some studies conducted in eastern Dobrogea found migratory birds infested 

with ticks that tested positive for various tick-borne microbial pathogens [158,206,207] 

and WNV [162]. 

The first outbreak of bluetongue on the territory of Romania occurred in 2014 

[208]. The entomological surveillance for BTV vectors was instituted in addition to 

serological testing of livestock. However, it was performed only in several sites 

around the country. With the exception of known vectors, such as C. imicola or C. 

nubeculosus [209,210], other potential vectors are recorded as ”species complex” (e.g., 

Culicoides obsoletus complex) or as “other Culicoides” [211,212]. The most 

comprehensive work about the Romanian Culicoides fauna was published in the 1970s 

[213] and updated two decades ago [214]. To this day, comprehensive studies of 

Culicoides diversity and a quantification of the risk they pose to the animal health do 

not exist in the country. Therefore, knowledge about Culicoides species composition 

and ecology is missing for most parts of the country. 
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1.3 Arboviruses relevant to public health in Europe 

1.3.1 Mosquito-borne viruses 

West Nile virus (WNV, Flaviviridae: Flavivirus) 

Found in temperate and tropical latitudes on every continent except 

Antarctica, WNV is the most widespread encephalitic arbovirus and second only to 

DENV in its global distribution [215]. The virus was first isolated from a case of 

human febrile illness in Uganda in 1937 and is taxonomically positioned within the 

JEV serocomplex [216]. Of the nine possible WNV lineages documented, the most 

important for public health are lineages 1 and 2 [217]. WNV is one of the most 

important viral pathogens of Europe and in the European Union it is a notifiable 

disease in humans and equids.  

In nature, the virus circulates in an enzootic cycle between ornithophilic 

Culex mosquitoes and birds, especially passerines (order Passeriformes) [218,219]. Bird 

migration can play an important role in spreading WNV between distant geographic 

locations, either as biological or mechanical carriers [162,220,221]. The virus was also 

detected in Aedes, Anopheles, Coquillettidia and Uranotaenia mosquitoes [186,222,223]. 

Figure 2. Transmission cycle of WNV 
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Aside from mosquito vectorship, certain Hyalomma, Argas and Ornithodoros ticks are 

suspected to play a role in transmission [27,217]. Vertical transmission and 

overwintering in vectors or hosts can lead to persistence and endemisation of WNV 

without the need of yearly reintroduction into temperate areas [224–226]. Spillover 

from its enzootic cycle results in infection of mammals [227,228], reptiles [229] and 

amphibians [230], hosts that develop viraemia below the threshold for further 

maintenance (dead-end hosts). 

Usutu virus (USUV, Flaviviridae: Flavivirus) 

Isolated from Culex neavei  in South Africa near Usutu river, USUV is another 

member of the JEV antigenic group [231]. Studies on USUV evolutionary history and 

European circulation indicate an African origin of the virus [232,233]. Ornithophilic 

mosquitoes transmit the virus to birds and Culex pipiens s.l. is considered the most 

competent vector [234]. 

On European territory, the virus was first detected in the capital city of 

Austria in 2001, but retrospective screening of tissue from Italian birds found that 

USUV had entered Europe years prior to initial detection [235]. USUV has received a 

great deal of attention since its emergence in Europe, characterized by episodes of 

Figure 3. Transmission cycle of USUV 
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spectacular mortality in birds from Austria [236], Germany [237], France [238] and the 

Netherlands [239]. The virus was also found in the organs of Pipistrellus bats from 

Germany [99] and rodents from Senegal [240]. Some other mammals (dogs, horses, 

swine) tested positive for USUV-specific antibodies in the Mediterranean and Balkans 

[241]. After the recurrent epizootics from Europe since the middle of 1990s, USUV was 

detected in blood donors [101,102,104] and was recently found to be a cause of 

neuroinvasive disease in humans [106,242]. Moreover, its prevalence in humans could 

be underestimated, owing to the absence of symptoms and cross-reactivity in routine 

serological screening. 

Dengue virus (DENV, Flaviviridae: Flavivirus) 

DENV comprises four serotypes (DENV1-4) and is a flavivirus closely related 

to Japanese encephalitis serocomplex. Unlike the epornitic flaviviruses (e.g., USUV 

and WNV), DENV is using humans as amplification hosts and is the most important 

arboviral pathogen [243]. It is also the most widespread arbovirus in the world, being 

endemic to most tropical and subtropical regions [244]. The spread of DENV serotypes 

relies on its primary and secondary vectors, Ae. aegypti, respectively Ae. albopictus, 

which are very successful at using global networks of transport and adapting to 

urban/periurban environments. After a major dengue epidemic that affected Greece in 

1928 (almost one million cases and 1000 deaths) [245], local transmission in Europe 

Figure 4. Transmission cycle of DENV (adapted after Weaver & Vasilakis [7]) 
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ceased for more than 70 years. Autochthonous transmission resumed a decade ago 

(2010) when France, Croatia and Madeira archipelago reported autochthonous cases of 

dengue [127,246]; additional cases, comprising the majority of recorded DENV 

infections in Europe, are imported via returning travellers [247].   

Chikungunya virus (CHIKV, Togaviridae: Alphavirus) 

Chikungunya virus has most likely an African origin, due to its close 

relationship with the African sister species O’nyong’nyong virus. Three lineages of 

CHIKV have been documented: West African, East/Central/South African (ECSA) and 

Asian. The African lineages are enzootic in the sub-Saharan jungles, vectored by 

arboreal Aedes mosquitoes among non-human primate hosts [87,248]. The virus 

received much attention when a new lineage originating from the ECSA phylogroup 

emerged on islands of the Indian Ocean. A single amino acid mutation in the E1 

glycoprotein was favorable for the transmission of CHIKV by Aedes albopictus, a 

secondary vector that was locally abundant [249]. The Indian Ocean lineage reached 

Asia, from where it was soon introduced in Europe, presumably by infected travellers 

returning to Italy. There, local Ae. albopictus initiated an outbreak with more than 200 

cases [250]. Autochthonous outbreaks followed in southern France in 2010, 2014 and 

2017 [251,252]. Temperate climate is a key factor in CHIKV cycle interruption and 

there is no indication so far of virus overwintering [250,253]. However, probable 

Figure 5. Transmission cycle of CHIKV (adapted after Tsetsarkin et al. [248]) 
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vertical transmission by transovarial dissemination was reported in Indian wild-

caught Ae. albopictus and the primary vector Ae. aegypti [254,255]. 

1.3.2 Tick-borne viruses 

Tick-borne encephalitis virus (TBEV, Flaviviridae: Flavivirus) 

Three classical subtypes of TBEV have been described: (i) European subtype (TBEV-

Eu, also named Western/Central European or “ricinus” subtype) circulating in 

mainland Europe, (ii) the Siberian subtype (TBEV-Sib or “persulcatus” subtype) found 

in the rest of Russia, reaching eastern Europe and (iii) the Far East subtype (TBEV-FE) 

from Asia, mainly northern China to eastern Russia [256]. Two other Asian subtypes, 

the Baikalian subtype and the Himalayan subtype, have been proposed recently 

[257,258]. Main vectors are Ixodes ricinus (TBEV-Eu) and Ixodes persulcatus (TBEV-Sib 

and TBEV-FE) [259], but so far at least 22 species of hard ticks have been found to 

carry the virus [260]. Amplifying hosts of TBEV are small-medium mammals, like 

Figure 6. Transmission cycle of TBEV. Some rodents may be involved in non-viraemic 
transmission of virus to uninfected immatures. Large hosts are necessary for completion of the 
tick life cycle, without reported involvement in the virus cycle. Green arrows indicate tick life 
cycle. Black arrows indicate possible transmission of TBEV between ticks and mammals or 
directly between ticks (source: Estrada-Peña & de la Fuente [261]). 
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woodland rodents (Apodemus spp., Myodes spp.) and terrestrial insectivores (Talpa 

europaea, Sorex araneus and Erinaceus concolor). The virus is also maintained in vector 

populations through transovarial and transstadial transmission [217]. The interactions 

between the virus, vector and vertebrate hosts underscore the enzootic TBEV 

transmission as one of the most complex arboviral cycles [261]. TBEV can alter the 

tick’s questing behavior, making the vector more tolerant to repellents [262]. The virus 

can also cross the placenta of some rodents and, possibly, infect their offspring 

through maternal milk [263]. Vertical transmission of TBEV was also reported in 

passerine birds, although the role of birds in TBEV transmission remains unclear [260]. 

Uninfected ticks can acquire virions while co-feeding with TBEV-infected ticks 

without systemic viraemia in the vertebrate host (non-viraemic transmission). This 

transmission mechanism makes ticks both vectors and reservoirs, while the mammal 

host becomes a transient host [264,265]. Human TBE cases are widespread in central 

and northern Europe [259]. Most of these infections are acquired through tick bites, 

though outbreaks caused by consumption of raw milk and dairy products from 

infected livestock are not rare [266,267]. Large animals (e.g., ungulates) can influence 

spatial and temporal distribution of TBE foci indirectly by sustaining tick populations 

[268]. 

Crimean-Congo hemorrhagic fever virus  
(CCHFV, Nairoviridae: Orthonairovirus) 

Crimean-Congo hemorrhagic fever (CCHF) is probably the most important tick-borne 

viral disease of humans. The virus was first discovered at the end of World War II in 

the Crimean region of the former Soviet Union [269]. Despite its name, the virus has a 

very wide distribution, reaching more than 30 countries across southern Asia, the 

Middle East, southeastern Europe and Africa [270,271]. Infected humans show a wide 

spectrum of symptoms, from mild fever to multi-organ failure and hemorrhage, 

generally leading to fatality in ~30% of cases [269]. 

Typical for tick-borne viruses, the complex ecology of tick vectors is reflected 

in the maintenance cycle of CCHFV. Ticks are both vectors and reservoirs of CCHFV, 
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being able to maintain the virus by transovarial, transstadial and rarely, by venereal 

transmission [272]. A transient viraemia in vertebrate hosts makes CCHFV available to 

uninfected ticks. Furthermore, due to the aggregated patterns of tick infestation, 

uninfected ticks may acquire the virus by co-feeding with CCHFV-infected ticks, while 

the host remains non-viraemic [273]. Noteworthy is the potential of CCHFV for 

nosocomial outbreaks among medical staff caring for CCHF patients [270].  

The main vectors of CCHFV are Hyalomma ticks [269], but transmission was 

reported also in other tick genera (e.g., Rhipicephalus or Dermacentor) [274]. Research 

into the diversity of vertebrate hosts has been more strenuous, mostly because many 

vertebrates develop a transient viraemia without visible illness. Thus, the 

identification of potential CCHFV hosts relies largely on specific antibodies collected 

from livestock and wildlife [271]. A distinct host preference was observed by Spengler 

and Estrada-Peña [275] between adult and immature Hyalomma spp. Immatures feed 

Figure 7. Transmission of CCHFV by Hyalomma ticks. Green arrows indicate tick life cycle. Larvae 
remain attached on small host and molt (two-host tick) or detach and molt (three-host ticks) 
(transition marked by asterisk). Nymphs follow a similar pattern. Adults feed on large hosts. Black 
arrow indicates the efficiency of virus transmission between ticks and mammals (solid) or between 
co-feeding ticks (dashed). Humans are infected by tick bite or exposure to bodily fluids of viraemic 
vertebrates. (source: Bente et al. [269]) 
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largely on rodents, lagomorphs and birds, while the adults are associated with large 

ungulates and, to a lesser extent, with lagomorphs and swine. The hosts tightly 

associated with Hyalomma immatures (i.e. small mammals, but not birds) are known to 

develop variable/transient viraemia and drive CCHFV transmission [276]. The main 

vector, Hyalomma marginatum, is known for its ecological plasticity and preference for 

birds may enable the expansion of its geographic range. There are several possible 

scenarios regarding the migration of expansion of ticks via migratory hosts. Infected 

ticks can be imported into new areas and infect local hosts. Uninfected ticks may also 

establish new populations and sustain local transmission upon subsequent 

introduction of the virus or if the area is already endemic [277]. Indeed, sampling of 

ticks along migration routes has revealed the presence of the Hyalomma ticks on 

migratory birds [156,165] and on some occasions, the vectors where positive for 

CCHFV or other pathogens [160,162,278]. 

1.3.3 Culicoides-borne viruses 

Bluetongue virus (BTV, Reoviridae: Orbivirus) 

BTV is the type species of the Orbivirus genus, having so far 28 documented 

serotypes (BTV1-28) of varying virulence [279,280]. The segmented genome is prone to 

genetic reassortment and recombination [79,281] and serotypes circulating in livestock 

can interact with live vaccines leading to new genetic combinations [282]. The last 

serotype described to date (BTV28) was detected after vaccine contamination [280]. 

The bluetongue disease was first described in the early 1900s in South Africa 

after European sheep were introduced in the late eighteenth century [217]. BTV is 

transmitted between ruminants by competent Culicoides midges [283], but seminal 

shedding in viraemic rams and bulls, transplacental and contact transmission were 

demonstrated for some serotypes [217,279,280]. Sheep are known to be the most 

affected hosts of BTV; other domestic or wild ruminants are often asymptomatic 

potential reservoir hosts [284,285]. Some carnivores may become infected with BTV 

after eating infected meat [286], something that was also reported for African horse 
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sickness virus (AHSV), another Culicoides-bornes orbivirus causing disease in equids 

[287,288]. 

 The most important vector of BTV in Africa, southern Europe and the 

Middle East is Culicoides imicola. In northern Europe, potential vectors of BTV are 

Culicoides chiopterus, Culicoides obsoletus, Culicoides scoticus, Culicoides dewulfi (Obsoletus 

complex) or Culicoides pulicaris and Culicoides punctatus (Pulicaris complex) [129]. The 

spread of bluetongue disease is also influenced by wind, as passive dispersal of 

competent vectors [289,290]. Wind-enabled dispersal can also be the key to 

colonisation of new areas. One such example is the spread of the main BTV vector, 

Culicoides imicola, in the Mediterranean region [291,292].  

Schmallenberg virus (SBV, Perybuniaviridae: Orthobunyavirus) 

SBV is a member of the Simbu serogroup, a diverse orthobunyavirus group 

with a worldwide distribution and of major veterinary importance [293]. It is the first 

member of this serogroup to emerge in Europe and it was discovered during the 

summer of 2011 in dairy cattle near the German-Dutch border [132]. Infection in adult 

ruminants results mainly in mild clinical signs (e.g., fever, temporary decrease in milk 

production). When dams are infected during gestation, SBV infection often leads to 

abortion, stillbirth or severe congenital musculo-skeletal and neurological 

malformations [294]. Soon after the first outbreak, SBV range expanded rapidly across 

Figure 8. Transmission cycle of BTV (modified after Mullens et al. [285]) 
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southern, western and central Europe [295,296]. In temperate regions, the virus 

emerges periodically and several Culicoides species were found SBV-positive. In 

France, the virus was detected in nine Culicoides species, most of which are also BTV 

vectors [297]. Similar results were reported in Italy [298] and Poland [299], where SBV 

was found also in nulliparous midges, suggesting vertical transmission [300]. The 

rapid spread of SBV into new areas inhabited by different Culicoides spp. is very 

similar to the northward spread of BTV, suggesting rapid adaptation of the virus to 

new populations of vectors [301]. 

1.4 The importance of vector feeding patterns 

In the natural transmission cycle, the arthropod vector becomes the link 

between host and virus during blood feeding. The vector’s necessity for blood meals is 

satisfied on a multitude of vertebrate species, wild and domestic, some of which can 

be unknown arbovirus amplifiers [302]. The contact frequency between vectors and 

hosts has a direct impact on the pathogen’s ecology, amplifying or diluting 

transmission in relation to vector host-preference, host susceptibility to infection and 

relative abundance [219,303,304]. For these reasons, blood-feeding studies of disease 

vectors are needed in order to estimate the efficiency and probability of pathogen 

transmission. To this end, research has focused on biting midges that transmit BTV, 

SBV and avian malaria [305,306], ticks that transmit Borrelia  spp. [307,308], triatomine 

Figure 9. Transmission cycle of SBV 



 40 

bugs that transmit Chagas disease [309], horse flies that transmit Besnoitia spp. [310], 

tsetse flies that are vectors of African trypanosomes [311], black flies that transmit 

Leucocytozoon spp. [312,313] or sand flies that transmit Leishmania spp. and 

phleboviruses [314,315]. However, the majority of such studies addressed the blood 

feeding behavior of mosquitoes, owing to their huge diversity, invasive potential and 

medical importance: Culex mosquitoes that transmit WNV [219,316], Aedes mosquitoes 

that transmit DENV and CHIKV [317,318] or Anopheles mosquitoes that transmit 

human malaria [319]. Feeding behavior is very plastic and the preference for certain 

hosts is generally not a clearly defined trait. Some factors influencing feeding behavior 

are intrinsic (genetic), like the anthropophily of malaria vectors Anopheles gambiae 

sensu lato (s.l.) [320], or extrinsic (e.g., host infections, availability and reproductive 

phenology) [321–323]. However, it is more likely that a combination of both intrinsic 

and extrinsic factors will determine which hosts and how frequent will they be fed 

upon. In the case of mosquitoes, some species tend to feed predominantly on a certain 

host group (the primary hosts involved in the enzootic cycle), such as Culex 

mosquitoes feeding on birds [324] or Aedes mosquitoes biting mammals [325]. Even 

strong preferences are overruled when environmental or physiological factors compel 

the vector to feed on the hosts readily available (e.g., potential secondary hosts). 

Feeding patterns that shift from a primary host to a secondary host can increase the 

probability of a pathogen escaping its primary enzootic cycle into a secondary cycle 

(Figure 1); in this scenario, an enzootic vector becomes a bridge-vector and the 

spillover of pathogens in the community of secondary hosts can initiate an epidemic 

or epizootic [326,327]. These shifts in host selection can be driven by natural factors, 

like migration of primary hosts (e.g., bird hosts of Culex spp.) [304], though often they 

are initiated also by human modifications of the landscape [14,15].  

Host-feeding studies in Europe have focused mostly on mosquitoes 

[108,316,328–335]. Similar analyses of biting midges were motivated by outbreaks of 

BTV and SBV in the last 10-15 years [137,336–343]. Comparatively, fewer such studies 

exist for sand flies [344–349], ticks [307,308,350,351] or black flies [312,313]. 
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Furthermore, the majority of these studies were conducted in the western half of 

Europe, for example in the north where black flies are abundant or in the 

Mediterranean basin where sand fly-borne Leishmania spp. and phleboviruses are 

endemic. In the central and eastern parts of the continent, blood feeding studies are 

still scarce and they were conducted on populations of biting midges from Bulgaria 

[352,353] and Serbia [354], mosquitoes from Serbia and Hungary [355,356] or various 

vectors from Czech Republic [343,357]. There are still regions or countries where data 

on this aspect of vector ecology is not available or is outdated. This is also the situation 

for Romania, where host-feeding data is largely missing. The only blood meal analysis 

available was conducted by Fălcuță et al. [358], who used serological tools to detect the 

mammal hosts of An. maculipennis s.l. in the south of the country. Given the 

geographic expansion of arboviruses and other vector-borne pathogens, there is an 

increasing need for eastern and southeastern European countries to generate 

knowledge about this crucial aspect of vector ecology and integrate it in their 

surveillance programs. 

1.4.1 Xenosurveillance: disease identification using blood meals   

When an arthropod feeds on a host, it takes a blood meal that contains the 

host’s infection status and immunological record. Surveillance of pathogens in a 

population by exploiting the arthropods’ hematophagous behavior is a technique 

named “xenosurveillance”. Although the term was recently coined by Grubaugh et al. 

[359], the concept is not new. Several variations have been used for disease 

identification. Xenomonitoring consists in surveying pathogens in vectors rather than 

hosts [314]. When a host is suspected of an infection that is under the sensitivity 

threshold of available assays, researchers can use xenodiagnosis. This can be 

performed by feeding a non-infected, competent vector (reared in a sterile conditions) 

on the host, allowing the pathogen to incubate and reach detectable levels [360,361]. 

The blood feeding behavior of vectors can also be used to obtain serial blood samples 

from small vertebrates that are difficult to sample by venipuncture or when 
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measurements of blood hormones would be artificially influenced by the stress caused 

during classical procedures [362–364]. 

  Advances in sequencing capabilities are making xenosurveillance 

increasingly popular for studying the ecology of vectors and associated pathogens. 

Bitome-Essono et al. [365] found malaria parasites in engorged biting flies (tsetse flies, 

stable flies and horse flies), while other studies of mosquito blood meals found 

myxoma virus [330], herpesviruses and papillomaviruses [366], Plasmodium falciparum, 

parasitic worms and Hepatitis B virus [367], H5N1 avian influenza virus [368], 

Anaplasma sp. and Lobuck virus [369]. The blood meal analysis can also trace the 

recent history of the host’s immune responses. Thus, the technique can also be 

employed using serological tools for detection of specific antibodies [370]. 

1.5 Study rationale and aims 

Romania lies at the geographical center of Europe, being one of the most 

biogeographically diverse country of the continent [371]. In the easternmost part of the 

country, the Danube river discharges into the Black Sea creating Danube Delta, 

Europe’s second largest and best preserved wetland. Taken together with the Razim-

Sinoe lagoon complex situated the southwestern side, this complex of ecosystems was 

designated the Danube Delta Biosphere Reserve (DDBR) and listed as a World 

Heritage Site in 1998 [372]. Located at the 45° parallel north, DDBR is a biodiversity 

hotspot and an important hub for migratory birds in the Southeastern European 

flyway of the greater Palearctic - Afrotropical migration system [373,374]. Birds, 

especially migratory species, are an important group from the perspective of public 

health. Many species can play role in the transport of pathogens as biological carriers 

(natural reservoir/amplifying hosts), either as mechanical carriers or as hosts and 

vehicles of infected ectoparasites [375]. Danube Delta has diverse and abundant vector 

communities that parasitize indigenous and migrant host species [158,162,206,207,376–

378]. Given that arbovirus circulation is mostly focal and a permissive environment 

conditions their dispersal, the study area is propitious for arbovirus import and 

emergence.  
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By analyzing a diverse collection of samples from the eastern part of DDBR 

between 2014 and 2017, the present work attempted to shed light on the diversity and 

ecology of some arboviruses and their vectors in several ecosystems of this wetland. 

To this end, the specific aims of this dissertation were: 

1) To study the composition, diversity and phenology of resident mosquito fauna and 

to obtain information about biting midge species composition in the study area. 

2) To detect and characterise arboviruses infecting vectors and some vertebrate hosts. 

In the case of WNV, an additional aim was to analyze its spatiotemporal dispersal 

patterns using a phylogeographic approach. 

3) To obtain information about feeding patterns of mosquitoes and biting midges by 

molecular analysis of their blood meals; in the case of mosquitoes, xenosurveillance 

was used to detect flavivirus-specific host antibodies and complement molecular and 

computational methods to better understanding WNV ecology in the DDBR. 
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Figure 10.  Study area in the Danube Delta Biosphere Reserve (DDBR) with sampling sites used between 2014 and 2017. Vector trapping 
targeted mosquitoes (2014-2016), biting midges (2017) and ticks (2014-2017). Potential arbovirus hosts (herpetofauna) investigated were 
Pelophylax frogs, European pond turtles (Emys orbicularis) (2014-2016) and snakes (Natrix natrix and Natrix tessellata) (2014-2017). Lower left 
grey map depicts the African-Eurasian bird migration flyways as described by Bairlein et al. [1]. Red rectangles localize the study area at 
national (higher left) and continental scales (lower left). 
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2 Additional Chapter: Discovery and Genetic 
Characterization of Sulina Virus, a Novel 
Orthonairovirus Infecting Ixodes ricinus Ticks 
from Danube Delta  
(submitted manuscript) 

2.1 Background 

The unique biology of ticks (Ixodida) enables the transmission of a large 

variety of pathogens, among which a consistent part is represented by arthropod-

borne viruses (arboviruses). Of particular interest is the genus Orthonairovirus (family 

Nairoviridae, order Bunyavirales), a group almost exclusively vectored by ticks and 

which comprises some of the most important tick-borne pathogens [379]. To date, 43 

orthonairoviruses are officially classified into 15 viral species [380], with additional 

taxa described by recent work [381,382].  

The genome of orthonairoviruses is a tri-partite, negative-sense single-

stranded RNA (-ssRNA) genome, consisting of a small segment (S) encoding the 

nucleocapsid (N), a medium segment (M) encoding a glycoprotein precursor (GPC) 

and the large segment (L), longest of all bunyaviruses, encoding an RNA-dependent 

RNA polymerase (RdRp) [383].  

Most of orthonairoviruses are maintained in arthropods or transmitted by 

ticks to rodents, bats, eulipotyphla and birds [146]. Crimean-Congo hemorrhagic fever 

virus (CCHFV) is the most prominent orthonairovirus and causes probably the most 

important tick-borne viral disease of humans. It occurs in about 30 countries from 

Africa and Eurasia and can cause a high mortality rate (usually up to 40%) [270]. The 

most important orthonairovirus of veterinary interest is Nairobi sheep disease virus 

(NSDV, also known as Ganjam virus (GANV) in India), which causes highly lethal 

hemorrhagic gastroenteritis in small ruminants of Africa and India [384]. Despite the 

medical relevance of orthonairoviruses, their diversity and potential of emergence, 

only recently has sequence data become available [146,385,386] for a better 

understanding of the genus’ evolution and ecology (e.g. relation within the large 
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Bunyavirales order and associations with hosts and vectors). Most of our 

understanding on orthonairovirus structure and function comes from studies of 

pathogens like CCHFV [387–390]. Fewer studies addressed these matters in other 

orthonairoviruses (e.g. Hazara virus, HAZV) [391–393] or used a comparative 

approach [394–396]. 

Very little is known about tick-borne viruses in Romania. Most of the 

available data was produced by serosurveys from the 1970s until early 1990s 

[168,169,179,397–399]. During this period, several tick-borne viruses were isolated (e.g. 

Tick-borne encephalitis virus, TBEV; Kemerovo group orbiviruses; Bhanja virus) 

[169,172,398,399]. The presently available data indicate that orthonairoviruses have not 

been detected or isolated in Romania. Ceianu et al., [400] reported the only data 

pertaining to orthonairovirus circulation, observing a high seroprevalence (>27%) of 

anti-CCHFV antibodies in sheep from northern Dobrogrea and bordering areas of the 

DDBR. The biogeographical conditions and habitat suitability are known to be 

conducive to the establishment of tick-borne virus foci [401], especially in the southern 

areas of Romania, where vectors reach high abundance and diversity [203]. 

Furthermore, most neighboring countries and some in regional proximity (e.g. Serbia, 

Bulgaria, Ukraine, Kosovo, Greece, Turkey) are known for a wider circulation of tick-

borne viruses and endemicity of CCHFV [153,402–406].  

 As part of a longer program of arbovirus discovery and surveillance 

program, we subjected to transcriptome sequencing ticks collected from their hosts in 

rural and natural sites of DDBR. A previously unknown orthonairovirus, provisionally 

designated Sulina virus (SULV), was detected in Ixodes ricinus ticks from two rural 

sites. Here we report the predictive genetic and protein analysis, inferred phylogenetic 

relationship with the Orthonairovirus genus and an evaluation of its infection potential 

in vertebrates. 
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2.2 Materials and methods 

2.2.1 Tick sampling and processing 

A batch of 385 ixodid ticks collected directly from their hosts in several sites 

of DDBR in 2016 (Figure 10) was subjected to bulk RNA-sequencing. An additional 

cohort comprising 930 bloodfed ticks collected in the same manner in 2014, 2015 and 

2017 was included in the study for serological analysis (Table S1). Most of the 

parasites were collected from domestic hosts. A small set of ticks (2016) was obtained 

from wild birds during a migration study conducted in Sfântu Gheorghe [373]. Ticks 

of each host were collected in separate vials, frozen in the field and transported on dry 

ice. In the laboratory, samples were stored at -80°C and identified on chill tables using 

morphological keys [407,408].  

For homogenization, single ticks were first placed into a sterile 2 mL 

Eppendorf tube with two 5 mm steel beads and kept in liquid nitrogen for 1 min. The 

samples were loaded into a TissueLyser (Qiagen, Hilden, Germany) and the frozen 

ticks were pulverized at 50 Hz for 4 min. To each sample we added 0.6 mL of high-

glucose (4.5 g/L) Dulbeco’s Modified Eagle’s Medium (DMEM) (Sigma–Aldrich, St. 

Louis, USA) with L-glutamine, 12.5% head-inactivated fetal bovine serum, 100 µg/mL 

streptomycin, 100 µg/mL penicillin and 100 µg/mL amphotericin B. The final mix was 

homogenized using the TissueLyser at 50 Hz for 2 min and clarified by centrifugation 

(10,000 rpm/2 min) at 8 ◦C. 

2.2.2 Sulina virus discovery and genome sequencing 

The tick collection of 2016 was subjected and processed for next-generation 

sequencing, as described elsewhere [409]. Briefly, the tick homogenates were filtered 

through 0.45 µm pore-sized columns to reduce the volume of bacteria and other 

contaminant and were treated with a mixture of nucleases (Turbo DNase, Ambion, 

Carlsbad, CA, USA; Baseline-ZERO, Epicenter, Madison, WI, USA; Benzonase, 

Novagen, San Diego, CA, USA; RNAse One, Promega, Fitchburg, WI, USA) to digest 

unprotected nucleic acids including host DNA/RNA. Viral RNA/DNA was extracted 
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with the MagMAX Viral RNA Isolation Kit (Thermo Fisher) according to the 

manufacturer’s instructions. After random RT-PCR amplification, the extracted viral 

nucleic acids were subjected to library preparation using a QIAseq FX DNA Library 

Kit (Qiagen, Hilden, Germany) and sequenced using (2 × 150 bp paired-end) MiSeq 

Reagent Kits v3 (Illumina, San Diego, CA, USA) on a MiSeq platform. Raw reads were 

first trimmed and filtered to remove polyclonal and low-quality reads, de novo 

assembled and compared with a non-redundant and viral proteome database using 

BLASTx with a cut-off E-value of 0.001. The virus-like contigs and singlets were 

further compared to all protein sequences in non-redundant protein databases with a 

default E-value cutoff of 0.001. 

2.2.3 Prevalence of Sulina virus in ticks 

For the prevalence of the Sulina virus, we screened aliquots of the individual 

homogenates using an RT-PCR assay with the specific primers DD352F: 

ACCTCCGTCATTGCCTGTGT and DD352R: TGAGGTTCCCGACACACCAC, using 

a Superscript III one-step RT-PCR kit (Invitrogen, Carlsbad CA, USA). Amplification 

reactions were performed in a volume of 10.8 µL containing 3 µL sample, 4 µL 

reaction mix, 0.5 µL Mg2SO4 (0.25 µmol), 1 µL ddH2O, 1 µL of each primer (10 pmol) 

and 0.3 µL Enzyme Mix. Reverse transcription at 60 ◦C for 1 min, 50 ◦C for 45 min and 

94 ◦C for 2 min was followed by 45 cycles of amplification at 94 ◦C for 15 sec, 55 ◦C for 

30 sec and 68 ◦C for 30 sec. Final extension was performed at 68 ◦C for 7 min.  

2.2.4 Virus isolation  

30 µL of the supernatant from the positive pools were inoculated into 24 

wells cell culture plate with monolayer cultures of C6/36 and Vero cells. The cultures 

were maintained at 28 °C and 37 °C respectively, for 6–7 days and examined every 2 

days for evidence of viral cytopathic effect (CPE). This procedure was repeated until 

passage 4. Supernatant was subjected to Sulina virus-specific RT-PCR assay and 

selected positive homogenates were used for intraperitoneal inoculation of adult mice, 

which were checked daily for clinical signs. Following observation, the mice were 
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euthanized and organs along with sera were harvested aseptically and screened as 

described in the previous section. 

2.2.5 Serological screening of engorged ticks and host sera  

2.2.5.1 Cloning, expression and purification of recombinant antigen 

A cDNA of the Sulina virus nucleoprotein was amplified by PCR and cloned 

into the procaryotic expression vector pOPIN-F (N-terminal His tag with 3C protease 

cleavage site) using the In-Fusion HD EcoDry cloning kit (Clontech). The 

nucleoprotein of Sulina virus was expressed with N-terminal His-Tag and 3C protease 

cleavage site in E. coli strain BL21 (DE3) in TB medium with 100 µM carbenicillin at 17 

°C overnight after induction with 0.5 mM isopropyl β-D-thiogalactopyranoside. After 

pelleting the cells were re-suspended in lysis buffer containing 80 mM sodium 

phosphate, pH 7.4, 7 M urea, 150 mM NaCl, 5% glycerol, 10 mM imidazole and 0.1 

mM PMSF. Cells were disrupted by sonication and the denaturated proteins were 

purified by nickel affinity chromatography from the soluble fraction after 

centrifugation. The protein was eluted in buffer containing 80 mM sodium phosphate, 

pH 7.4, 4 M urea, 150 mM NaCl, 5% glycerol and 250 mM imidazole. The imidazole 

was removed by dialysis over night at 4 °C. The purified protein was concentrated 

using centrifugal filter devices, flash frozen in liquid nitrogen and stored at -80 °C. 

2.2.5.2 Enzyme-linked immunosorbent assay (ELISA) for detection of SULV-specific 

antibodies 

For serological testing we included the entire tick collection (2014-2017; 

n=1305) and blood samples from 39 dogs (2-15 dogs per site) (Table S1) obtained in a 

different, parallel study [410]. The recombinant Sulina virus nucleoprotein was 

prepared and subjected to ELISA using a protocol published elsewhere [411]. 

2.2.6 Sequence data analysis 

Genome assembly, sequence analysis, genomic organization and multiple 

alignments were performed using Geneious v9.1.8. Open reading frames (ORFs) were 

predicted with Geneious v9.1.7 (Biomatters, Auckland, New Zealand) and ORFfinder 
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[412]. Putative functions of Sulina virus proteins were assigned by BLASTx searches in 

GenBank. Protein structure and targeting predictions were generated with NetOGlyc 

4.0, NetNGlyc1.0, SignalP 4.1, ProP 1.0 and TMHMM 2.0 of the Center for Biological 

Sequence Analysis portal [413], PredictProtein [414], InterProScan database [415] 

accessed through Geneious and the HMMER web server [416].  

Protein sequences of representatives from recognized orthonairovirus species 

sensu International Committee on Taxonomy of Viruses (ICTV) [380] were 

downloaded from GenBank (Table S2) and aligned with Sulina virus homologs using 

the MAFFT algorithm implemented in Geneious. Alignments of individual genes and 

concatenated genomes of Sulina virus were scanned with Simplot v3.5.1 [417] and 

RDP package v4.95 [418] for detection of potential recombination and reassortment 

events. Recombination search was performed with default settings, i.e. 200bp window 

size and a Bonferroni correction of the p-value of 0.01. Results were further considered 

if significant signal of recombination was obtained with at least three different 

methods in RDP. 

Evolutionary relationships of Sulina virus within the Orthonairovirus genus 

were analyzed by constructing phylogenetic trees for each of the three proteins (N, 

GPC and RdRp). Using the Akaike information criterion (AIC) computed by Prottest 

v3.4.2 [419] and MegaX [420], we found that the best-fit amino acid substitution 

models are LG+Г+I for nucleocapsid (N) and glycoprotein precursor (GPC), 

respectively LG+Г+I+F for the RNA-dependent RNA polymerase (RdRp). We built 

phylogenetic trees by maximum likelihood in PhyML 3.0 [421], with Subtree Pruning 

and Regrafting (SPR) branch-swapping and approximate likelihood ratio test (aLRT) 

for assessment of specific node support. The maximum likelihood trees were 

compared to a second set of phylogenies inferred by Bayesian Monte Carlo Markov 

Chain (MCMC) sampling method implemented in BEAST v1.10.3 [422]. The models 

were run for 107 generations, with sampling every 104 steps and 10% burn-in. The 

resulting trees were summarized with TreeAnnotator v1.10.1 [423] and the 

phylogenies were displayed with FigTree v1.4.3 [424]. Pairwise amino acid sequence 
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identity was plotted as color-coded matrix with Sequence Demarcation Tool (SDT) 

v1.2 [425].  

2.3 Results 

2.3.1 Tick identification, molecular and serological screening of Sulina 

virus 

We identified six taxa in the samples collected in 2016 from Sulina (29.9%), 

Letea (27%), Dunărea Veche (26%), Sfântu Gheorghe (8.1%), Lake Roșuleț (3.4%), 

Sfiștofca (4.2%) and Sulina Levee (1.6%) (Figure 10). A seventh taxon, Dermacentor 

marginatus (n=2) was found in 2017 on dogs and was included in the serological 

screening only (Table S1). The most abundant group screened was Rhipicephalus spp. 

(n=298, 77.4%), followed by Ixodes ricinus (n=57, 14.8%), Hyalomma marginatum (n=21, 

5.5%) and Dermacentor reticulatus (n=9, 2.3%) (Table 1).  

 

Table 1. Ticks collected in DDBR (2016) and screened by SULV-specific RT-PCR, 
with information on host species and number of SULV-positive Ixodes ricinus. 

 

Host/Tick sp. 
Dermacentor 
reticulatus 

Hyalomma 
marginatum 

Ixodes 
ricinus 

Rhipicephalus 
annulatus 

Rhipicephalus 
rossicus 

Rhipicephalus 
sanguineus 

s.l. 
Bos taurus   1 63  3 

Canis l. familiaris 7  48 (19)  95 132 
Equus caballus    3   
Homo sapiens 1  1   1 

No host (unattached) 1 4 5 (1)    
Acrocephalus palustris  2     

Ficedula albicolis  1     
Iduna pallida  1     

Ixobricus minutus  2     
Lanius collurio  2     

Phoenicurus phoenicurus  1     
Saxicola rubetra  1     
Sturnus vulgaris   1    
Sylvia atricapilla  1    1 
Sylvia communis  4 1    

Sylvia curuca  1     
Turdus merula  1     

Total = 385 (20) 9 (0) 21 (0) 57 (20) 66 (0) 95 (0) 137 (0) 
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Upon detection of SULV by NGS, the individual tick homogenates were 

screened by RT-PCR revealing that 20 of 57 I. ricinus were positive for Sulina virus 

RNA (35%, 5.2% of the 2016 collection). Of these positive ticks, 19 individuals were 

collected from domestic dogs in Sulina and one specimen was found without a host in 

Sfântu Gheorghe. 

Attempted isolation failed on Vero E6, C6/36 cells, as well as in mice. The 

ELISA test of the larger sample collection (2014-2017) did not find specific antibodies 

in blood meals of ticks or blood of domestic dogs.  

2.3.2 Sulina virus genome  

We obtained the complete genome sequences of three Sulina virus strains, 

which exhibited a typical bunyaviral, negative-sense (ss)RNA genome with three 

single-ORF genes of different lengths. The S gene is 1,512 bp long, the M gene is 4,092 

bp long and the L gene has 11,823 bp. As in other orthonairoviruses, the S segment is 

coding for a nucleocapsid (N), the M segment encodes a glycoprotein precursor (GPC) 

and the RNA-dependent RNA polymerase (RdRp) is encoded by the L segment. 

BLASTx searches of SULV ORFs found the highest similarity with Kasokero virus 

(KASOV) for the nucleocapsid (~34.9%) and with Tamdy virus for glycoprotein 

precursor (~34.4%) and RdRp (~45.4%). Complete coding sequences for SULV 

generated in the present study were deposited in GenBank with the accession 

numbers MT263282-263290. 

2.3.2.1 Nucleocapsid protein (N) 

 The putative N protein of SULV is 503 aa long, having a size similar with the 

other homologs included in our analysis (479-516 aa). It differs substantially from Erve 

virus (ERVEV) and Thiafora virus (TFAV), which have long C-terminal extensions 

(630 aa and 673 aa, respectively). The molecular weight (57.6 kDa) is also close to the 

average known for orthonairoviruses (53kDa). In –ssRNA viruses the nucleocapsid is 

responsible for RNA binding and oligomerisation, forming ribonucleoprotein 

complexes that are associated with the RdRp for viral RNA synthesis and 

encapsidation [388]. The N protein of CCHFV is also known to interact with host 
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antiviral defense factors [426]. Although CCHFV provides much of the structural 

knowledge of the nairoviral nucleocapsid protein [388,390], the structures of ERVEV, 

HAZV and KUPEV have also been published [395]. These studies found that the N 

protein has two major domains: a globular head and an extended stalk. As in the case 

of CCHFV nucleocapsid [390], SULV was predicted to have two regions active in RNA 

binding (Figure 11a, Figure S1, S2). First region is located at mid-point, corresponding 

to stalk region of CCHFV and contains residues of positive charge responsible for 

RNA binding. Sequence alignment revealed fully conserved (K229, Q314) or 

conservatively changed (H202N) amino acids. The second region is delimited by sites 

involved in endonuclease activities [395], having most of the binding residues fully 

Figure 11. SULV nucleocapsid: a) illustration of segment S and encoded nucleocapsid protein;  
b) Pairwise identity matrix of orthonairovirus nucleocapsids 
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conserved among orthonairoviruses (H390, R398, H467, H470) or conservatively 

changed (R425K). Also, at the C-terminus of the stalk region is located a proteolitic 

cleavage site for the apoptosis mediator caspase-3, present in the CCHFV nucleocapsid 

as the 266DEVD269 motif [427]. This specific sequence is present with some changes in 

other orthonairoviruses species, such as HAZV (269DQ(L/V)D272), or TFAV 

(261D(I/V)LD264), but is not present in SULV nucleocapsid, neither in most of the 

analyzed orthonairoviruses. The experiments of Carter et al. [388] identified three 

CCHFV N residues essential in replicon activity (K132, Q300, K411) and another two 

residues (K90 and H456) whose mutation significantly reduce N functionality. 

Although the alignment of SULV N protein showed identical residues corresponding 

to CCHFV residues K90 and K135, only residues Q300 and H456 were fully conserved 

among nairoviral nucleocapsids.  

Genetic distance matrices computed using a MAFFT algorithm showed 

identity values of ~25% (ERVEV) to 33% (TAMV) between SULV nucleocapsid and 

orthonairovirus homologs (Figure 11b).  

2.3.2.2 Glycoprotein precursor (GPC) 

The M segment of orthonairoviruses contains a single ORF encoding a polyprotein 

that is co- and post-translationally processed into mature glycoproteins of different 

sizes [383]. The two glycoproteins, Gn and Gc, are responsible for host receptor 

recognition, hemagglutination process and induction of immune response by the 

vertebrate host [428]. Consequently, the GPC is the most variable product of the 

orthonairovirus genome. The GPC of Sulina virus is 1363 aa long (151.6 kDa), similar 

to GPCs of Tamdy orthonairovirus and significantly shorter than that of CCHFV (1700 

aa, 188 kDa) (Figure 12a). SULV GPC was predicted to have an N-terminal signal 

peptide between positions 18 and 19 (IWA-SD), followed by a mucin-like domain 

(MLD). This domain is characterized by high level of O-glycosylation (16 sites), similar 

to that of DGKV (18 sites). Predicted N-linked glycosylation were present in relatively 

large number (15 sites) when compared to other GPCs, fewer only than in SAKV and 

KTRV (17, respectively 20 N-linked glycans). The MLD length is smaller than in other  
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orthonairoviruses (53 aa compared to 56 aa in DGKV or 243 aa in CCHFV). As 

expected, the MLD showed very low amino acid sequence identity, being located in 

the most variable region of the polyprotein [383]. 

 GPC is proteolytically processed by a series of signalases, proteases, furin, 

subtilisin/kexin-isozyme-1/site-1 protease (SKI-1/S1P) and convertases [383]. Predicted 

proteolytic sites in the GPC of Sulina virus are shown in Figure 12a. The number of 

transmembrane domains in the GPC of orthonairoviruses varies between one (QYBV) 

and five (CCHFV, HAZV, DUGV). Sulina virus was predicted to have a total of three 

transmembrane helices: two around the polyprotein’s mid-point (C-terminal of Gn), 

and a third domain at the C-terminus of Gc. 

Figure 12. SULV glycoprotein precursor (GPC): a) illustration of segment M and encoded glycoproteins 
Gn and Gc; b) Pairwise identity matrix of orthonairovirus  GPCs 
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Two zinc finger domains formed by conserved cysteine residues can be 

observed in orthonairoviruses with similar number and localization of transmembrane 

domain (Figure S3). These structures were shown to be involved in protein-protein 

interaction, while the double zinc finger located at the C-terminus of Gn (between the 

transmembrane domains) could interact with ribonucleoproteins for virus assembly 

and budding [429].  

Pairwise identity of SULV GPC is between ~20% (CCHFV) and 30% (Tamdy 

virus) (Figure 12b), lower than what we observed in the other orthonairoviral 

homologs. 

2.3.2.3 RNA-dependent RNA polymerase (RdRp) 

All bunyaviruses encode their RdRp on the large (L) segment, the longest of 

which is found in orthonairoviruses [383]. The L segment of SULV encodes a 3940 aa 

long polymerase sequence (Figure 13a). 

Four conserved regions (I-IV) have been identified in the bunyaviral L 

protein [430]. One particular region (III) is known as the functional core of the 

polymerase, containing six conserved motifs (premotif A and motifs A-E) [430,431], 

and was predicted to have catalytic roles in template positioning and priming [430] 

(Figure S4). The order and spacing of the motifs is conserved in all bunyaviral 

polymerases [431], having the sixth specific motif named premotif A (or motif F) and 

located upstream from motif A [432]. Region I contain an endonuclease domain, 

presumably involved in cap-snatching [433], while the role of region II is yet to be 

described. Two transmembrane domains are located at the C-terminus of this region 

(Figure 13a). 

Region IV may have a role in cleaving capped primers and RNA binding 

[434]. The alignment of SULV L protein with orthonairovirus homologs showed these 

regions to be highly conserved. The lowest similarity was found in the region I of 

orthonairovirus RdRp, while the highest similarity was exhibited by region III with its 

six motifs.  
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Another particularity of the orthonairovirus polymerase that we observed in 

the L protein of SULV is an N-terminal ovarian tumor (OTU)-like protease domain 

(Figure S5). This structure is found in eukaryotes, pathogenic bacteria and several 

groups of viruses [435]. Unlike the eukaryotic version of this domain, the OTU-like 

protease domain of the CCHFV was implicated as a potential virulence factor due to 

its ability to interfere with host immune regulation and antiviral signaling pathways 

[394,436]. Its role as a virulence determinant was also inferred from observing the 

functional differences between CCHFV and the less virulent DUGV [437]. The amino 

acid sequence alignment showed that most key residues of OTU’s catalytic site are 

shared by all orthonairoviruses [394]: D41, G42, C44, Y91, W101, W121 and H152, 

Figure 13. SULV RdRp: a) illustration of segment L and encoded polymerase; b) Pairwise amino acid 
identity matrix of orthonairovirus RdRps. 
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while P39 is present in most species (Figure S5). The L proteins of orthonairoviruses 

are also known to contain leucine zippers, structural motifs of transcription factors 

[438]. The position of leucine zipper varies in orthonairovirus RdRps. For example, the 

RdRp of CCHFV contains this structure upstream of region III. In SULV a leucize 

zipper was predicted at the C-terminal region of the L protein (Figure 13a). 

The amino acid sequence alignment showed that the highest pairwise amino 

acid identity between SULV and representative orthonairoviruses ranged from 37% 

(ERVEV) to ~44% (TAMV) (Figure 13b). 

2.3.3 Phylogenetic analysis 

Both maximum likelihood (Figures 14-16) and Bayesian MCMC (Figure S6a-

c) methods produced phylogenies with very similar topologies and overall strong 

node support. For each protein, Sulina virus displayed a similar pattern of clustering 

and formed a well-supported monophyletic clade with Tamdy orthonairovirus. The 

trees were congruent with previous, more extensive phylogenetic analyses of the 

genus [146,386], as well as with a more recent reorganization of the genus [380]. 

Although frequent reassortment is known to occur in orthonairoviruses 

[439,440], we found no evidence for segment reassortment or signals of recombination. 
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Figure 14. Maximum likelihood phylogenetic tree based on the S protein (nucleocapsid) of 
representative orthonairoviruses and Sulina virus (in red). The color and size of node circles 
indicate statistical support by approximate likelihood ratio test (aLRT) in PhyML 3.0. Shayang 
virus was used as outgroup and the scale bar indicates substitutions per site. 
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Figure 15. Maximum likelihood phylogenetic tree based on the M protein (glycoprotein 
precursor) of representative orthonairoviruses and Sulina virus (in red). The color and size of 
node circles indicate statistical support by approximate likelihood ratio test (aLRT) in PhyML 
3.0. Shayang virus was used as outgroup and the scale bar indicates substitutions per site. 
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Figure 16. Maximum likelihood phylogenetic tree based on the L protein (RdRp) of 
representative orthonairoviruses and Sulina virus (in red). The color and size of node circles 
indicate statistical support by approximate likelihood ratio test (aLRT) in PhyML 3.0. 
Shayang virus was used as outgroup and the scale bar indicates substitutions per site. 
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2.4 Discussion 

Although ticks are disease vectors of the highest importance, in Romania 

they are mostly responsible for transmitting pathogenic bacteria (e.g. Borrelia 

burgdorferi s.l.) [441] or protozoa (e.g. apicomplexans) [442,443], while tick-borne 

viruses do not generally contribute much to the burden of communicable diseases. A 

noteworthy exception is Tick-borne encephalitis virus (TBEV), a flavivirus that is 

endemic in some areas of Transylvania [205]. Our study found seven of the 29 species 

of ixodid ticks known in Romania [203,407] and subjected ticks of six taxa to deep 

transcriptome sequencing (the seventh taxa was included in serological screening 

only, see Table S1). Surprisingly, SULV RNA was present only in I. ricinus, with 35% 

of the analyzed ticks infected. The prevalence of SULV seems striking when compared 

to that of pathogenic orthonairoviruses. For example, CCHFV was detected in ticks 

from Turkey, the Balkans or Iberian Peninsula in 1.4%-8.8% of the analyzed cohorts 

[402,406,444]. Similar or substantially higher detection rates were reported for the less 

pathogenic TcTV-1 (4.8%-14.3%) [445] or SOLV (~20%) [446]. Much higher levels were 

detected for PCTN (of the Tamdy orthonairovirus), an orthonairovirus of unknown 

pathogenicity that was found in 57.6% of screened Dermacentor occidentalis [382].  

    Arboviruses vectored by ticks have complex life cycles owing to the 

complex ecology of their vectors. In the absence of sufficient data, the reasons behind 

the high prevalence in I. ricinus will probably remain unknown. However, several 

factors may be responsible for this result. When co-feeding on some nonviremic hosts, 

infected ixodid ticks can transmit the virus to noninfected ticks [447]. Tick saliva 

contributes to the enabling of nonviremic transmission [448], a mode that plays an 

important role in the amplification of CCHFV [269] and of I. ricinus-borne flaviviruses 

[449]. However, even in the case of an immune host, this possibility seems unlikely 

since we did not detect specific antibodies in the dogs infested with Sulina virus-

positive ticks. Another possibility may be that SULV can be transmitted transstadially 

during metamorphosis or transovarially to tick progenies. In such cases, ticks could be 

both vectors and long-term reservoirs of the virus [450]. Furthermore, we could not 
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isolate SULV in Vero or C6/36 cells and adult mice. Thus, based on the available data 

we must consider the possibility of Sulina virus being a possible tick-specific virus.  

Because of the developments in metagenomics and their current relative 

accessibility, numerous viruses have been and are going to be discovered from diverse 

groups of vectors and hosts [38,40]. Unlike the already huge variety of insect-specific 

viruses documented mainly in mosquitoes [451,452], a similar approach for tick 

viruses is only now becoming popular. An almost identical picture of tick virus 

discovery is offered by the Phlebovirus genus (family Phenuiviridae), conordinal viruses 

with similar genome organization, vectored also by hematophagous dipterans (e.g. the 

pathogenic tick-borne Heartland virus and Severe fever with trombocytopaenia 

syndrome virus). In the recent years, surveys of tick populations in both the Old 

World and the New World revealed a greater diversity of phleboviruses 

comparatively to that known for orthonairoviruses. As in the case of latter, some 

phleboviruses detected in Europe could not replicate on various cell lines [453,454] 

and lacked infectivity of vertebrates [455]. Some of these studies also reported wide 

intervals of detection rate (2.1%-88.9%) [404,405,454,456]. As expected, a number of 

studies showed that some tick phleboviruses do grow in cell cultures and thus, were 

successfully isolated [150,457,458], hinting at the immense viral diversity underlying 

their phenotypical variation.  

The three SULV strains analyzed have >97% nucleotide sequence similarity 

(~99% for amino acid sequence) across their entire genomes. Such homogeneity is 

another striking characteristic when comparing SULV to orthonairoviruses like 

CCHFV (20%-31%) [440], SAKV (up to 27%-33%) [459] or NSDV (11%-56%) [384]. The 

low sequence diversity may relate to the small number of sequences analyzed and 

may imply also geographic and temporal sampling bias. The role of the M segment in 

cell attachment and the positive selection exerted by host immune response is usually 

reflected in greater sequence variation, as opposed to the necessity of conservation for 

the replication machinery (i.e. the polymerase). Also, the wider variation seen in 

glycoproteins may be linked to their complex structure and expression strategy. Still, 
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such high sequence homogeneity (91%-99%) is exhibited by orthonairovirus M 

proteins in PCTN [382], TAMV [460] or KUPEV [461].  

Interestingly, the Tamdy orthonairovirus genogroup comprises viruses 

associated with the tick’s microbiome (PCTN, [382]), but also with vertebrate infection 

or human illness. TAMV is pathogenic for newborn mice and is known to cause 

disease in humans [462,463]. TcTV-1 was associated with febrile illness in humans and 

infection of livestock [445]. These associations illustrate the potential of 

orthonairoviruses to emerge as pathogens. Genetic variation is molded by numerous 

ecological and physiological factors, like vector feeding preferences, host availability 

and immunity, and can accumulate at different structural levels of the genome. This is 

especially the case for orthonairoviruses in particular [439,440,459], and bunyaviruses 

in general [74], due to the segmented nature of their genomes. Indeed, much of the 

ecological and clinical data available for orthonairoviruses is patchy and focused on 

the few taxa known as agents of severe disease (e.g. CCHFV, NSDV). Sequence data 

needed for basic comparative analysis has only recently been made available [146,386]. 

Both of our phylogenetic inference methods yielded similar results (Figures 

14-16, see Figure S6a-c in Appendix) and are in agreement with those of more 

comprehensive analyses of the genus [146,386]. The status of Sulina virus as a new 

species or genogroup within the Orthonairvirus genus is also supported by the 

pairwise identity of orthonairovirus proteins. The pairwise identity of Sulina virus 

nucleocapsid (segment S) is lower than the threshold of 52% indicated by Walker et al., 

[386], indicating that the virus characterized herein is as a separate species 

(genogroup) (Figure 11b). Membership of Sulina virus for the Orthonairovirus genus is 

indicated also by the 37%-44% protein identity of the RdRp (segment L) (Figure 13b), 

slightly higher than the limits based on the analysis of Kuhn et al. [146]. The same 

authors proposed a limit of ~26% identity for the orthonairoviral glycoproteins 

(segment M) that is above the minimum observed between Sulina virus and CCHFV 

(~20%), but higher when comparing it to TAMV (~30%) (Figure 12b). It is very likely 

that in the future, both inter-specific and inter-generic thresholds will have to be 
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revised as we increase the known sequence space for bunyaviruses and reach to 

deeper nodes in their evolutionary tree. 

Romania is one of the most biogeographically diverse countries within the 

European space [371], with very suitable conditions for the establishment of tick-borne 

virus foci, especially in the southern half of the country [401]. The regions 

encompassed therein also correspond to the northern distribution limit of Hyalomma 

marginatum, the main vector of CCHFV. However, H. marginatum is known for its 

ecological plasticity and in recent years was found further north, across the Carpathian 

range [203,464]. Countrywide surveys found Ixodes ricinus to be the most common and 

widely distributed tick in Romania [202], having a high diversity of hosts on account 

of habitat variety [204]. Although the expanse and biodiversity of Danube Delta are 

unique for the region, eastern European countries have many ecosystems (e.g. 

wetlands) located along migratory pathways and used by millions of migratory birds. 

The potential of avifauna to carry pathogens or translocate infected parasites is by now 

well known, both in the DDBR [158,162] and in other European hotspots of migration 

[160,278]. Our study included parasites of migratory birds netted in Sfântu Gheorghe. 

Despite testing negative for viral RNA, it is noteworthy that most of the ticks collected 

from birds were Hyalomma marginatum (17/21, 81%). 

Unlike our knowledge of tick-borne viruses, vector diversity and ecology has 

been considerably advanced in Romania during the last decade [200–203]. Considering 

the biogeographical and eco-epidemiological similarities between Romania and 

neighboring countries with known orthonairovirus endemicity (e.g. Turkey, Bulgaria, 

Kosovo, Ukraine, Greece) [402–404,406], further efforts of virus discovery and 

characterization of vectors’ microbiome will help to understand dynamics and risks of 

tick-borne pathogens, as well as inform necessary public health measures. 

In conclusion, the present study described Sulina virus (SULV), a new tick 

orthonairovirus, circulating in feeding and questing Ixodes ricinus ticks from Danube 

Delta. The three SULV strains belong to a single species and we found no evidence of 

host infection or replication in vertebrates. The pathogenesis of SULV in wildlife and 
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livestock or its infectivity for humans or other vertebrates need to be further 

investigated, justifying continued surveillance for a better understanding of SULV 

natural cycle. The discovery and characterization of Sulina virus will be added to the 

growing body of work necessary for thorough analysis of orthonairovirus structure, 

ecology and evolution. 
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3 General Discussion 
3.1 Vector surveillance in Danube Delta Biosphere Reserve 

3.1.1 Longitudinal mosquito surveillance  
(based on Török et al., 2016; Tomazatos et al., 2019) 

Extensive mosquito collection between April and September of 2014-2016 

identified 16 mosquito taxa, representing approximately 29% of the 55 taxa known for 

the Romanian fauna [465–469]. The first detailed analysis of DDBR’s mosquito fauna 

was based on the 2014 collection. The results confirmed 12 known taxa and revealed 

two new species for Romania’s entomofauna: Aedes hungaricus and Anopheles 

algeriensis. In the following seasons (2015 and 2016), four additional known species 

were added to the taxa list (Table 2). Despite the small number of individuals per new 

respective taxa, the extrapolated taxa richness indices showed a fairly good coverage 

obtained with Encephalitis Vector Surveillance (EVS) traps in the study area.  

Barcoding of mitochondrial DNA (mDNA) markers in addition to 

morphological identification proved very useful for species identification. The 

maximum likelihood (ML) phylogeny of partial cytochrome c oxidase subunit I (COI) 

sequences was congruent with the results of morphological taxa discrimination. The 

well-supported phylogenetic clustering (≥95%) offered some information about the 

evolutionary relationships of DDBR’s mosquitoes with other European populations 

(Figure 17). Trapped at all four sites and in larger numbers among the rarer taxa (n = 

2280, 0.37%), An. algeriensis is known as a common occurrence in central Europe, parts 

of the Mediterranean basin as far north as Germany and the United Kingdom [470]. Its 

breeding habitat is characteristic of marshlands, with slow-flowing waters and dense 

vegetation. It is know as a mammophilic species and a potential malaria vector [470]. 

Considering its low frequency in the study area, it is quite probable that An. algeriensis 

has only a minor role in pathogen transmission. The phylogenetic clustering of An. 

algeriensis COI sequence contained three distinct branches. Accordingly, the genetic 

distances calculated for this species reached a divergence level of 6%. This is higher 
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than the 2-3% inter-species cut-off considered by some authors for mosquitoes [474] or 

the 4% threshold for biting midges [475]. The unbalanced number of conspecific 

sequences compared, small sampling area and the use of a single marker preclude 

firm conclusions regarding the existence of new species. However, the phylogeny 

shows that a very heterogeneous population of An. algeriensis (possibly indicative of a 

speciation event) can be found in the study area (~160 km2). Such degree of divergence 

is important if we consider that different populations can have different vector 

competence [476].  Population subdivision can be observed also in the case of Ae. 

detritus, although to a smaller extent (3% intra-specific divergence). In contrast with 

the two above-mentioned species, the phylogenetic clustering of Aedes hungaricus 

tends to indicate high homogeneity between DDBR (Romanian) and Hungarian 

populations, although the small number of available sequences is again problematic. 

In the case of mosquitoes belonging to “species complexes”, for example Culex pipiens 

s.l./torrentium or Anopheles maculipennis s.l., we managed to identify a small proportion 

of specimens from both taxa. However, the barcoding may not be a good strategy for 

species/biotype identification. Rather, mass screening by specific PCR would be a 

better strategy to discriminate these taxa [477]. 

The collection was dominated clearly by Coquillettidia richiardii and Anopheles 

hyrcanus with 55.88%, respectively 24.81% of all identified mosquitoes. Danube Delta 

is an important region for their distribution in Romania [469], providing excellent 

breeding conditions for these multivoltine species. Due to their dominance, 

representing over three quarters of the total collection, the general phenology and 

temporal pattern of mosquito functional groups follow the patterns of the two 

dominant species (Figure 18, Figure 19). Seven mosquito taxa were dominant during 

the sampling period, each represented by >15,000 individuals: Coq. richiardii (57.88%), 

An. hyrcanus (24.81%), An. maculipennis s.l. (4.32%), Ae. caspius (3.92%), Cx. pipiens 

s.l./torrentium (3.52%), Ae. vexans (2.54%) and Cx. modestus (2.30%). A clear separation 

can be observed between these taxa and the less frequent mosquitoes, which make up 

for 0.66% of the collected specimens (Table 2). 
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Figure 17. Maximum likelihood (ML) phylogeny of the COI fragments from 14 mosquito 
species collected in DDBR (2014, red font). Red portions of the tree and magnified areas in 
grey/orange indicate the location of the mosquito species detected in this study. Ae. 
hungaricus and An. algeriensis are highlighted in orange. The ML and parallel NJ bootstrap 
values above 70% (1000 replicates) are marked by asterisk. The scale-bar indicates the genetic 
distance as the mean number of nucleotide substitutions per site. 
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The results of this entomological survey are most likely biased because they 

were obtained with a single type of trap designed for adult mosquitoes and operated 

in a small number of sites. DDBR is a very heterogeneous complex of ecosystems, 

having around 30 ecosystem types [478]. One solution for avoiding biased trapping 

could be the design of surveys with more sampling sites and more trap types. That is 

also because trap performance varies relative to the mosquito species targeted [479], 

mainly due to different host preferences among mosquito species. Such bias in 

mosquito collection in Danube Delta is well illustrated by the live-bait trapping 

employed by previous studies. Sampling by bird-baited traps resulted in more Cx. 

pipiens s.l., whereas Coq. richiardii was present in greater numbers when using the 

human landing catch [186,480]. During the 2016 sampling season, BG-GATs (Biogents 

Gravid Aedes Traps) were used with the intention of collecting egg-laying mosquitoes. 

The traps were set at the main and secondary sites along the itinerary. The results 

were extremely poor as regards the number of collected mosquitoes. The most 

plausible explanation one can think of is that BG-GATs cannot compete with the 

ubiquitous natural oviposition sites in the study area. 

Figure 18. Number of specimens of the seven most common mosquito taxa (>2000 
specimens) detected per calendar week in the DDBR (2014). 
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All seven dominant taxa have been previously implicated in the 

transmission of WNV and six of these taxa were found positive for the virus in 

Romania or DDBR [182,186,188,481]. The principal WNV vectors in Europe are Cx. 

pipiens s.l./torrentium and Cx. modestus [182,329]. These taxa can be found in the study 

area in various proportions, considering trapping methods. Overall, the study found 

that most of the collected mosquitoes are potential WNV vectors (Table 2).  

Conducting entomological surveillance in a very heterogeneous landscape, 

such as a wetland, will always pose logistical challenges when attempting to sample 

vector populations in longitudinal manner. In DDBR, sampling sites can be reached 

only by boat. Therefore, operating even one type of mosquito traps in parallel with 

targeting other vector groups or vertebrate hosts requires more human resources and 

time coordination. Although a more detailed picture of the vector populations and 

associated risks of pathogen transmission can be obtained by a more diverse trapping 

strategy (e.g., including collection of immature stages), the data generated by this 

study offers a first detailed overview of the mosquito communities in the eastern parts 

of DDBR. 

 

Figure 19. Proportion of three functional groups and West Nile virus vectors of the total 
mosquito collection per calendar week in the DDBR (2014). 



 74 

Table 2. Mosquito taxa recorded in the study area of DDBR between 2014 and 2016, with the number of specimens collected, 
overall proportion and information on their involvement in WNV transmission, in Romania or elsewhere. 

Mosquito taxa Sum % 
WNV-Positive in 
Romania/DDBR 

Involved in WNV 
transmission elsewhere 

Coquillettidia richiardii Ficalbi, 1889 379,513 57.88 yes1 yes3 

Anopheles hyrcanus Pallas, 1771 162,725 24.81 yes1 yes3 

Anopheles maculipennis (s.l.) Meigen, 1818a 28,363 4.32 yes1 yes3 

Aedes caspius Pallas, 1771 25,767 3.92 yes1 yes3 

Culex pipiens Linnaeus, 1758 s.l. 

/torrentium Martini, 1925b 
23,134 3.52 yes1,2 yes3 

Aedes vexans Meigen, 1830 16,673 2.54 no yes3 

Culex modestus Ficalbi, 1890 15,135 2.30 yes1 yes3 

Anopheles algeriensis Theobald, 1903 2,280 0.34 no no 

Aedes flavescens Müller, 1764 529 0.088 no no 

Aedes detritus Haliday, 1833 246 0.037 no no 

Aedes cinereus Meigen, 1818 51 0.0077 no yes3 

Culiseta annulata Schrank, 1776 12 0.0018 no yes4 

Aedes hungaricus Mihályi, 1955 4 0.0006 no no 

Uranotaenia unguiculata Edwards, 1913 3 0.00046 yes1 yes5 
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Table 2. (continued) 

Mosquito taxa Sum % 
WNV-Positive in 
Romania/DDBR 

Involved in WNV 
transmission elsewhere 

Aedes geniculatus Olivier 1791 1 0.00015 no yes4 

Aedes sticticus Meigen 1838 1 0.00015 no yes4 

Unidentified 1,041 0.17 - - 

Aedes sp. 169 0.026 - - 

Culex sp. 17 0.0025 - - 

Anopheles. sp. 3 0.00046 - - 

Total 655,667 100   

a Selected specimens from 2014 were identified as Anopheles messeae Falleroni, 1926 by DNA barcoding  
b Culex pipiens (s.l.) and Culex torrentium were not differentiated for most of the collected specimens. Selected specimens were 
identified as Culex pipiens Linnaeus, 1758 (s.l.) and Culex pipiens pipiens Linnaeus, 1758 by DNA barcoding (see Figure 17) 
1 [186] 
2 [182] 
3 [471] 
4 [472] (laboratory experiment) 
5 [473]
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3.1.2 Species composition of Culicoides biting midges  
(based on Tomazatos et al., 2020c) 

The small flies of Ceratopogonidae family (Diptera) are a very diverse group, 

of which the Culicoides genus comprises the main arboviral vectors [482]. There is very 

little information about Culicoides in Romania (as in most of eastern Europe). The 

sampling of biting midges during the 2017 season identified eight taxa at two rural 

sites (Sulina and Letea) and two natural sites with reduced human presence (Dunărea 

Veche and Lake Roșuleț) (Table 3). As in the case of mosquitoes, DNA barcoding of 

mDNA proved very helpful for detection of known and unknown Culicoides taxa. The 

barcoding had a relatively high rate of success (91.7%), confirming the usefulness of a 

DNA barcoding strategy in biodiversity studies [483–486]. Unlike the barcoding of 

mosquitoes where mDNA barcoding was used to confirm the morphological 

identification of a much larger collection, the mDNA barcoding was the primary 

strategy for identification of Culicoides spp. Molecular assays were combined with 

wing morphology from a smaller subset of insects (n=37). The main reason for this 

approach was the physical state of the insects. Important characters (e.g., wings, legs, 

antennae) were often missing after shipping on dry ice and storage at -80 °C, necessary 

for keeping viruses viable for replication. It is important to note however, that greater 

reliance on molecular libraries to the detriment of traditional, morphology-based 

taxonomy could be problematic, due to some misidentified sequences used as 

references [487]. The popularity of genetic markers in biodiversity studies has shown 

some of their pitfalls, as well [488,489]. This holds true especially in the case of insects 

[488,490,491]. Ideally, both molecular and morphological methods should be used in 

complementarily, in what is currently known as integrative taxonomy [492].  

We found eight Culicoides taxa, of which seven were identified at species 

level. Three species, C. griseidorsum, C. puncticollis and C. submaritimus, were recorded 

for the first time in Romania, increasing the number of known Culicoides spp. in this 

country to 49 species [214]. Culicoides submaritimus has been considered a synonym of 

C. maritimus by some authors [493,494], while recent studies mentioned C. 
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submaritimus as a distinct species [142,495]. The present study identified C. 

submaritimus by comparison with COI sequences from Turkey, the only sequences 

available in molecular databases. Both C. submaritimus and C. maritimus are absent 

from the inventory of biting midges of Romania by Damian-Georgescu [214], although 

some recent studies include Romania in the distribution maps of C. maritimus 

[142,496]. Culicoides griseidorsum, C. kibunensis, C. punctatus and C. riethi were 

confirmed by wing morphology, as well. Culicoides puncticollis was identified first by 

wing morphology, being present only in the small subset used for morphological 

analysis; subsequently, this species was confirmed by mDNA barcoding. Wing 

morphology was also examined for the “unknown Culicoides”, a species that was 

confirmed by intra- and inter-specific genetic distances. For this species, no 

identification could be made with the interactive key of Mathieu et al. [142] or by 

searches in molecular databases (GenBank and BOLD, respectively).  

The purpose of the ML analysis (Figure 20) was to verify the identity of taxa 

against conspecifics from the Palearctic realm. All specimens clustered in well-defined 

terminal clades with high bootstrap support, with the exception of C. subfasciipennis/C. 

pallidicornis clade. These two species are being morphologically discriminated by the 

presence of a variable light spot on the annal cell of Culicoides subfasciipennis [142]. The 

inability of COI sequences to distinguish between these two species was observed also 

by Sarvašová and her colleagues [497] in central European populations. This pattern of 

phylogenetic clustering and the unreliable variability of wing morphology led some 

taxonomists to doubt the status of C. subfasciipennis and C. pallidicornis as two separate 

species [497,498]. Another notable clustering pattern was that of C. punctatus. 

Although forming a well-supported clade, almost half (45.5%) of the analyzed C. 

punctatus diverged from the main group as a distinct haplotype (designated C. 

punctatus P). The genetic distance between the two groups of C. punctatus is 

approximately 4%, which some authors consider to be within intra-specific boundaries 

when using COI markers [475]. This outcome further confirms the utility of DNA 

barcoding in detection of sibling (or cryptic) species, undistinguishable by 
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morphology alone [475,499,500]. Similarly to mosquitoes, differentiating between 

isomorphic sibling species is important for finding potential variations in vector 

capacity [129]. With the exception of C. punctatus P haplotype (~97% identity score in 

GenBank searches), all Culicoides taxa identified in this study showed >98% to 100% 

identity with GenBank references. The unknown Culicoides sequence diverged by 15.6-

16.3% from the closest described species, forming a monophyletic clade with C. 

kibunensis. Such genetic distances are similar to those found between other Culicoides 

spp. [487,501] or between different mosquito species [474]. Therefore, the unknown 

Culicoides could be considered a distinct, new species or even a species without any 

reference in GenBank or Barcode of Life database (BOLD). 

The study of Culicoides spp. discussed herein offers an interesting, albeit 

incomplete picture of the biting midge communities from DDBR. Despite the fact that 

sample analysis was biased in favor of natural sites with a higher diversity of wild 

hosts (Dunărea Veche and Lake Roșuleț), the results suggest that C. punctatus is one of 

the dominant taxa. Probably the most compelling case for further exploration of 

Culicoides diversity is made by the unknown Culicoides and the newly recorded taxa. 

Furthermore, C. punctatus was found positive for BTV and SBV in southern and central 

Europe [300,502]. Given the potential of C. punctatus as a vector and its feeding 

behavior (see section 3.2.2), a more detailed, longitudinal study could be useful in 

characterization of biting midge diversity of DDBR and their potential as bridge 

vectors between wild and domestic hosts. 
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Figure 20. Maximum likelihood phylogenetic tree of COI fragments from Culicoides spp. 
collected in the DDBR (2017). The tree was inferred using an HKY + G model (1000 bootstrap 
replicates) and rooted with Forcipomyia sp. and Culex quinquefasciatus. Branch support values 
of ≥50% are displayed and GenBank accession numbers of sequences shown on the branch 
tips. 
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Table 3. Biting midge taxa identified in DDBR in 2017 

 

Midge taxa Sulina Letea 
Dunărea 

Veche 
Lake 

Roșuleț 
Sum % 

Identified by 
COI 

barcoding 

Identified by 
wing 

morphology 

Culicoides griseidorsum Kieffer, 1918 21 212 41 2  276 24.3 yes yes 

Culicoides kibunensis Tokunaga, 1937 1 10 87 4 102 9 yes yes 

Culicoides punctatus Kieffer 1914 26 342 74 13 455 40 yes yes 

Culicoides puncticollis Becker 1903a 0 0 1 0 1 >0.1 yes yes 

Culicoides riethi Kieffer 1914 1 11 0 0 12 1.1 yes yes 

Culicoides subfasciipennis Kieffer, 1919/ 
Culicoides pallidicornis Tokunaga & Murachi, 1959 

102 87 36 17 242 21.3 yes no 

C. submaritimus Tokunaga & Murachi, 1959 0 0 2 6 8 0.7 yes no 

unknown Culicoidesb 12 1 17 9 39 3.4 yes yes 

Total  163 663 257 51 1,135 100   

aIdentified only in the subset of morphological vouchers. 
bMorphological identification was inconclusive; taxon authentication was based on intra-and inter-specific genetic comparisons 
among specimens from the morphological voucher subset and the larger collection
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3.2 Detection and characterization of arboviruses  
3.2.1 West Nile virus: phylogeography of an endemic pathogen 
(based on Tomazatos et al., 2019) 

The screening of over 655,000 mosquitoes from 16 taxa revealed the presence 

of WNV RNA in only two pools of Cx. pipiens s.l./torrentium (n = 99) collected at Lake 

Roșuleț and Sulina in June 2014. The WNV-positive mosquito pools contained two  

similar WNV strains with 99.5% pairwise identity of their genomes and 99.8% identity 

between their polyprotein sequences.  

For inferring the possible origin and pattern of spatial-temporal spread of 

WNV between DDBR and other locations we used two datasets: one composed of full 

WNV genomes and another one of partial NS5 sequences. The phylogeographic 

analysis of the partial NS5 dataset identified at least two distinct introductions of 

WNV lineage 2 in Romania. These WNV variants compose two subclades that overlap 

in southeastern Romania: East European clade 1 (EEC1, with variants from DDBR and 

Bucharest) and West European clade 1 (WEC1, with variants from Bucharest). The 

analysis of both datasets suggests that the EEC1 has African progenitors, either from 

South Africa or Senegal. The analysis of the NS5 dataset indicated that the WEC1 

strains originate probably in Greece, entering Romania over the Balkan Peninsula 

(Figure 21, Figure 23b).  

Although the close relationship of the Russian strain Volgograd/2007 with 

the EEC1 was expected, it is interesting that an Italian strain discovered also in 2014 in 

northeastern Italy clustered within the EEC1 [503] (Figure 22b). This pattern is 

suggestive of an independent introduction of the EEC1 in south/central part of Europe. 

Like eastern Europe, the Italian Peninsula is crossed by major Palearctic - Afrotropical 

flyways [374]. Also, the region where this Italian EEC1 strain was found has similar 

eco-geographical characteristics, with masses of birds visiting three main wetlands in 

the vicinity of the Adriatic coast. In the context of intercontinental dispersal of WNV, 

bird migration is considered the most plausible explanation, with short-distance 
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migration as a potential dispersal mechanism for spread within Europe 

[220,221,504,505]. 

Several mutations observed in proteins C, prM, E, NS2A, NS3 and NS5 are 

specific to EEC1. Of these particular mutations, S1839T (NS3) and G2932R (NS5) are 

also shared with two South African strains. More extensive similarity supporting the 

African origin of WNV strains from DDBR is showcased by African-specific residue 

changes R835K (NS1), I1462M (NS2B), R1516K (NS3), T2296A (NS4), N2305S (NS4) 

and R2719K (NS5). Although the impact of mutations on the nonstructural genes is 

unclear (likely some occurred after the introduction of WNV in the country), similar 

changes modulated the host antiviral response by inhibiting interferon signaling [506]. 

Figure 21. Migration patterns of WNV between Africa and Europe and within Europe based on 
Bayes factor (BF) test for significant non-zero rates using a) complete genome and b) partial NS5 
dataset; Viral migration patterns are indicated between the different regions and countries, being 
proportional to the strength of the transmission rate (Bayes factor [BF]). The colors of connections 
indicate the origins and the directions of migration and are proportional with the strength of 
connections. Only well-supported paths between locations are shown. 
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  Figure 22. a) Root-to-tip regression analysis of the West Nile virus (WNV) complete genome-based maximum likelihood tree. Plots of the root-to-tip 
genetic distance against sampling time are shown; b) Bayesian maximum clade credibility (MCC) tree representing the timescale phylogeny of WNV 
lineage 2, based on complete genome sequences, including the EEC1 clade. The colored branches of the MCC tree represent the most probable geographic 
location of their descendant nodes (see color codes). Time is reported in the axis below the tree and represents the year before the last sampling time 
(2018). 
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Figure 23. a) Root-to-tip regression analysis of the WNV partial NS5-based maximum likelihood tree. Plots of the root-to-tip genetic distance against 
sampling time are shown; b) Bayesian maximum clade credibility (MCC) tree representing the timescale phylogeny of WNV lineage 2, based on NS5 
gene sequences, including the EEC1 and WEC1 clades. The colored branches of the MCC tree represent the most probable geographic location of their 
descendant nodes (see color codes). Time is reported in the axis below the tree and represents the year before the last sampling time (2018). 
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During and after the 2010 WNV outbreak, variants of EEC1 were detected in 

the east and southeast of Romania (DDBR, Constanța, Bucharest, Ilfov), but also across 

the Carpathian range (Cluj, Alba, Sibiu) [183,186] (data from published reports, 

without suitable sequences available for analysis). Foci and periodic outbreaks of 

WNV are known in the southeast since the first major outbreak of 1996 [182,185,186]. 

The presence of a second geographically distinct clade (the WEC1) is likely to have 

resulted from a more recent introduction from south of the Danube, followed by 

adaptation to the local ecological conditions and rapid spread. The 2010 outbreak of 

WNV revealed the extent of EEC1 circulation within the country, therefore it is no 

surprise that EEC1 reached Bucharest/Ilfov area from DDBR at least twice (Figure 

23b), co-circulating with WEC1 in the Danube Floodplain. In August 2015, Cotar and 

her collaborators [481] detected the co-circulation of the two clades not only around 

Bucharest, but also in the south of DDBR, near Razim-Sinoe lagoon. In the respective 

report, WNV strains of both clades were detected in mosquitoes caught in 2015 at two 

sampling sites (Bucharest and south of DDBR). However, having found only WEC1, 

but no EEC1 at both sites next year (2016), the authors concluded that the EEC1 was 

“completely replaced […] in mosquito populations”. Despite the fact that the infection 

rate was considerably higher than what we have found during 2014-2016, and that the 

circulation of WNV is known to be very dynamic, the conclusion was based on <20,000 

mosquitoes trapped in only two sites. Overwintering can support viral persistence and 

endemisation [218], yet this mechanism apparently was not considered. Detection of 

RNA in males of Culex pipiens s.l./torrentium [186] indicated vertical transmission of the 

virus, which may be crucial for virus persistence in the absence of new introductions. 

Overwintering of WNV in Romania is strongly suggested, but so far we do not have 

sufficient data to confirm it. It is very likely that periodical reintroduction together 

with local overwintering contribute to the maintenance of this virus in Romania. 

Furthermore, a dynamic circulation of WNV does not imply only rapidly growing 

outbreaks (e.g., seasons of 2018 and 2019), but also a silent, “under-the-radar” 

transmission, traceable by serosurveys conducted years prior to abundant case reports 
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[507]. Other phylodynamic studies from countries where WNV is repeatedly 

introduced, also pointed to a period of enzootic cycling before the spillover to dead-

end hosts reveals a potential outbreak [508,509]. One major limitation of 

phylodynamic reconstructions in Romania is the scarcity of suitable WNV sequences. 

Intense WNV transmission is described in neighboring states (e.g. Serbia and 

Hungary), an unsurprising fact considering the trends of arbovirus activity at regional 

and continental level [112–114]. WNV could be penetrating Romanian borders also 

from west of the Carpathian range, possibly from Hungary, where recently it has 

shown an outstanding increase in human infections [105]. Thus, the dispersal patterns 

and eco-epidemiology of WNV in Romania are more complex than what we can infer 

with the currently available data.  

The results of mosquito sampling and WNV detection between 2014 and 

2016 were determined by a combination of environmental and sampling factors. The 

number of WNV-positive mosquitoes found by this surveillance study may seem very 

low if we consider the number of trap nights, of collected mosquitoes and access to the 

core areas of DDBR. Precipitation is a key element for the development of mosquito 

populations; during the seasons of mosquito sampling, precipitation was reduced in 

comparison with preceding and following years. During summer, water level was low 

on the Danube, main canals and lakes. Consequently, adjacent marshes and plains 

were flooded to a lesser extent and for shorter time, while some even remained 

completely dry. Another issue could be the use of a single trap type. The low 

proportion of Cx. pipiens s.l. (3,53% of total collection) was likely the result of using a 

single trapping method [479,510]. Other studies in the DDBR and elsewhere obtained 

greater numbers of the main WNV vector by using different techniques (e.g., live bird 

baits) [188,511]. During the first and second sampling seasons (2014 and 2015), the 

number of human WN disease cases reported in Romania was low and the case 

number increased 3-fold in 2016  (>90 reported cases) [91]. After mosquito collection in 

the field was concluded, the number of infections in the country decreased again 

(2017), but increased by 4-fold during the hot summer of 2018 (18% of all locally 
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acquired infections reported in the EU) [91]. Besides the two virus isolates obtained 

from Cx. pipiens s.l., we found flavivirus-specific IgG in blood meals of taxa known as 

secondary vectors of WNV (see section 3.3.1.1). Overall, these results support a silent 

circulation of WNV in natural and rural sites from DDBR. 

3.2.2 Letea virus: a reassortant orbivirus discovered in grass snakes 
(Natrix natrix) 
(based on Tomazatos et al., 2020d) 

The rationale for the inclusion of reptiles in this project was provided by the 

growing, yet still limited and fragmentary evidence for their role in circulation of 

arboviruses [229,230,512-516]. Apart from sera of grass snakes (Natrix natrix) and dice 

snakes (Natrix tessellata), the project initially included sera collection from other 

herpetofauna commonly found in the study area: the European pond turtle (Emys 

orbicularis) and water frogs of the genus Pelophylax. The absence of arbovirus 

sequences in the sera of pond turtles and amphibians shifted the focus in 2017 entirely 

on the snake hosts. Next-generation sequencing and reverse transcription-PCR (RT-

PCR) revealed the presence of an unknown segmented virus showing significant 

identity scores with viruses of the genus Orbivirus. The new virus was named Letea 

virus (LEAV), after the eponymous village from DDBR, and represents the first 

documentation of an orbivirus infecting reptiles. 

Inclusion and demarcation of species within the Orbivirus genus consider 

several criteria, such as sequence identity of segments encoding the polymerase (VP1) 

and major subcore shell protein (T2), gene reassortment between close strains, high 

levels of serological cross-reaction against conserved antigens like the T13 protein, 

conservation of UTR terminal nucleotides, range of hosts and vectors or the clinical 

signs produced by orbivirus infection [517].  

The genome of LEAV has a structure typical for orbiviruses, with 10 double-

stranded (ds)RNA segments delimited by untranslated regions (UTR) with conserved 

terminal sequences similar to those of other orbiviruses. Unlike the hexanucleotides of 

BTV and AHSV, the UTRs of LEAV contain heptanucleotides with minor variations 
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between genomic segments. In each UTR, distal dinucleotides at both ends are inverse 

complements, as found in other Orbivirus species [37,518–522]. 

The amino acid identity observed in polymerase sequences is above the 30% 

threshold defined by Attoui et al. [523] for inclusion in the Orbivirus genus. The 

comparative analysis of the T2 protein sequence showed identity levels much lower 

(22%-53%) than the 91% cut-off proposed [37], confirming that LEAV is a distinct 

orbivirus species. Moreover, the nine different LEAV strains belong to the same 

species, as their T2 amino acid sequences are >98% identical. The separation of LEAV 

as a separate serogroup (species) within the genus is confirmed also by the 

comparison of segments determining orbivirus antigenic properties: VP2 and VP7 

[524]. The orbiviral VP7 protein (also known as T13 or the core surface protein) forms 

the outer layer of the viral core, defining the virus serogroup (species) [286]. This 

structural role makes the sequence of T13 to be relatively conserved among 

orbiviruses [525]. LEAV T13 sequence exhibited low identity levels when compared 

with orbivirus homologs, confirming LEAV as a new, separate serogroup. Like in 

other Culicoides-/sand fly-borne orbiviruses (C/SBOV), the VP2 of LEAV is encoded by 

segment-2 and is homologous to the VP3 of mosquito-borne orbiviruses (MBOV) and 

the VP4 of tick-borne/tick orbiviruses (TBOV/TOV) [520]. In contrast with T13, the VP2 

(outer capsid protein 1) is one of the most variable proteins and significant identity 

values (10%-15%) were observed only between LEAV and insect-borne viruses (IBOV, 

i.e. C/SBOV and MBOV). Due to its neutralizing epitopes and role in cell attachment, 

the VP2 protein is subjected to intense selective pressures by the host’s immune 

response. Thus, it is one the most variable orbiviral proteins [286]. The high amino 

acid identity (>98%) found when comparing the nine LEAV strains indicated that all 

the analyzed LEAV genomes belong to a single LEAV serotype.  

The NS4 is a nonstructural protein found in some orbiviruses and the last 

one described to date [526,527]. In LEAV, the NS4 protein is of similar size and 

position as in other C/SBOV [526,528,529], having also the lowest sequence identity 

among all compared orbiviral proteins. 
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The evolutionary relationships between LEAV and other orbiviruses were 

analyzed using the amino acid and nucleotide sequences of the polymerase (VP1), T2 

(VP2/VP3) and T13 (VP7) (Figure25a-c). The three proteins have been used extensively 

as markers for taxonomic and phylogenetic studies due to their high degree of 

conservation [519,520,522,525,530]. Phylogenetic analyses of VP1 and T13 (amino acid 

and nucleotide) agree with previous studies, insofar as the virus clustering defines 

three vector-specific clades (C/SBOV, MBOV and TBOV) [520,528,529,531–534]. 

However, these phylograms did not show the IBOVs as a monophyletic group 

descending from TBOV as previously shown, although a common descent from the 

distant tick-associated St. Croix River virus (SCRV) was well supported. The 

phylogenetic analysis of T2 proteins revealed two major clades corresponding to the 

genomic segments encoding this protein (segment-3 of C/SBOV and segment-2 of 

MBOV/TBOV) (Figure 25c). This is in agreement with results of Fagre et al. [533], but 

the distinct topology suggests that IBOV are not a monophyletic group as proposed in 

the past [525,529,535]. The pairwise comparison of amino acid sequence identity 

indicated also that individual conserved proteins are related within the vector-defined 

clusters, as shown by the phylogenetic trees. Therefore, the sequences and their coding 

assignments may be useful for associating potential vectors to orbiviruses. 

 Apart from the high mutation rate owing to a polymerase without 

proofreading activity, reassortment of cognate genomic segments is another important 

driver of genetic diversity in viruses with segmented RNA genomes. This process can 

generate novel phenotypes with fundamental implications for immune escape, host or 

vector range, virulence and pathogenicity [536–539]. The ability to reassort genomic 

segments is also a primary criterion for inclusion in the Reoviridae family and it may 

have contributed to the great evolutionary success of these viruses. Most natural cases 

of orbivirus reassortment have been described in BTV, probably due to its antigenic 

diversity, wide geographic range and economic importance [77–79]. Additionally, 

reassortment has been described in Epizootic hemorrhagic disease virus (EHDV) 

[80,81], Corriparta virus (CORV) [540], Changuinola virus (CGLV) [534] or Banna 
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orbivirus (BAOV) [541]. We found that reassortment between LEAV strains involved 

segment-4 (VP4), segment-7 (T13) and segment-9 (VP6) in eight of the nine genomes 

analyzed (Figure 24). An additional reassortment event may have occurred in the 

NN28SUL16 strain, as a receiver of its the segment-3 (T2) from an unidentified LEAV 

donor strain. This is suggested by the striking sequence divergence of NN28SUL16 

segment-3 within a highly similar (>98%) VP3 dataset. When translated to protein 

sequence, the identity of this segment with the rest of the LEAV homologs was ≥98.9%, 

confirming the necessity of its structural conservation.  

Intragenic recombination between segments of LEAV was detected in the 

majority of LEAV strains (Figure 24). As in the case of sand fly-borne CGLV 

serogroup, the strain biodiversity could be an important factor for the exchange of 

RNA segment/fragment in LEAV [534]. This is indicated by detections of reassortment 

and intragenic recombination in eight, respectively seven, of nine LEAV strains. This is 

all the more clear for orbiviruses with great antigenic diversity like BTV [79,281,542], 

AHSV [543], but also for orthoreoviruses [544,545] and rotaviruses [546].  

Although the phylogenetic analyses suggest that LEAV is possibly a midge-

borne orbivirus, we found no viral RNA in Culicoides midges, mosquitoes and ticks 

from the study area. Additionally, no ectothermic hosts were detected in bloodfed 

Culicoides midges and mosquitoes (with the exception of an amphibian in the case of 

Ur. unguiculata).  

Reoviruses that are known to infect reptiles belong to the turreted group of 

the family (subfamily Spinareovirinae, e.g. Reptilian orthoreovirus) and they cause severe 

illness of digestive and respiratory systems [547–549]. The prevalence of LEAV in 

grass snakes was 7.89% and the animals displayed no sign of disease. Curiously, the 

virus was absent from the sister species, Natrix tessellata. All attempts of growing and 

isolating LEAV on insect or vertebrate cell lines failed. The cells showed no cytopathic 

effect or silent replication of the virus. Many known reoviruses (and most orbiviruses) 

grow easily on vertebrate cells in vitro, while a few are restricted to insect cells 

[44,524,550]. Although LEAV isolation could be further attempted on additional cell 
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lines, it is possible that a shift in cell tropism underlies the inability of LEAV to infect 

certain cell types. A similar case is Parry’s Lagoon virus (PLV), a serotype of CORV. In 

contrast to the wide range of vertebrate hosts of CORV [551], the antigenically-related 

PLV showed a distinct cell tropism and replicated only on insect cells [552]. With the 

available data one may speculate that such shifts in cell tropism could be the result of 

successive changes through recombination, genetic drift and shift. Reoviridae is a very 

successful family of segmented (ds)RNA viruses using a wide range of hosts, across 

various econiches. The family’s repertoire of evolutionary strategies includes also 

deletion [532,553], gene duplication and concatemerisation [529,554]. These strategies 

were also observed previously in aquareoviruses [555], rotaviruses [556], 

phytoreoviruses [557] and even in a cross-family heterologous recombinant bat 

coronavirus containing reovirus genomic components [558]. These aspects seem to 

confirm the potential of reoviruses for “species jumps” and adaptation to new vectors 

and hosts [532,555].  

Previous orbivirus research found that the overall GC content and the UTR 

proportion relative to the genome’s length reflect three groups similar to those 

illustrated by phylogenetic clustering. The GC content was reported to be highest in 

TBOV with 52%-57.3% GC, followed by the C/SBOV with 39.9%-45.9% GC and the 

MBOV with 36.7%-41.6% GC [521,525,528,529]. The GC content of LEAV is below 

these intervals, having 34.6%-34.9% GC. In the case of UTRs, those of C/SBOV span 

over 3.5%-4.1% of their total genome length; in TBOV the UTRs are between ~4.5%-5% 

and in MBOV at ~5%-5.7% of the genome length [525,559,560]. Again, LEAV remains 

outside these limits, having the proportion of UTRs at 6.64% of the genome’s length, 

which is higher than those reported in other orbiviruses.  

The conserved Arg-Gly-Asp (167RGD171) motif on the T13 protein of BTV was 

associated with cell attachment in Culicoides vectors [561,562]. This conserved motif 

was also found by later studies in some species closely related to BTV [528,560,563]. 

Sequence analysis did not identify this motif in LEAV. As with other orbivirus species, 

this may reflect the higher divergence relative to BTV. Although the phylogenetic 
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analyses indicate LEAV as a potentially Culicoides-borne orbivirus, it is interesting to 

note some general inconsistencies in vector associations of IBOV (C/SBOV and 

MBOV). For example, phylogenetic analyses place Orungo virus (ORUV), Lembombo 

virus (LEBV), Pata virus (PATAV) and Japanaut virus (JAPV) in the C/SBOV clade, 

even though they were discovered in mosquitoes [517,564–567]. For ORUV, follow-up 

studies on mosquito transmission were inconclusive [566]. Interestingly, Tracambé 

virus (TRV), a serotype of the sand fly-borne CGLV serogroup was isolated from 

anopheline mosquitoes [568]. Some serotypes of C/SBOV have been isolated from both 

mosquitoes and biting midges: Eubenangee virus (EUBV) [517,567,569], Palyam virus 

(PALV) [570], Warrego virus WARV [517], Wongorr virus (WGRV) [571] and Tibet 

orbivirus (TIBOV) [522,560,572]. The associations between some viruses and more 

than one vector family could be the results of “species jumps” permitted by the fast 

evolution characteristic of RNA segmented viruses. Such occurrences in orbiviruses 

would not necessarily run counter to the “co-evolution” hypothesis, but rather 

complement it [528,529,535,555]. 

 

Figure 24. Graphical representations of gene reassortment and intragenic recombination between 
LEAV strains. Each colored circle represents a different LEAV strain. The 10 horizontal lines 
inside the circles represent the 10 genomic segments. Solid lines indicate reassortments of genes 
between different LEAV variants. Dashed arrows show the origins of gene fragments that have 
potentially been derived through recombination. 
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Figure 25. Maximum likelihood phylogenetic trees of the VP1 a), T13 (VP7) b) and T2 c) orbivirus proteins constructed using maximum 
likelihood inference and 100 bootstrap replicates. Bootstrap support of ≥80% is displayed at the nodes. Letea virus (LEAV) is indicated by 
the red triangle. C/SBOV stands for Culicoides-/sand fly-borne orbiviruses, MBOV stands for mosquito-borne orbiviruses and TBOV stands 
for tick-borne orbiviruses. 

a) b) 

c) 
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3.3 Vectors feeding patterns 
3.3.1 Host-feeding pattern of mosquitoes 
(based on Tomazatos et al., 2019) 
 

Of the total mosquito collection, 3842 (0.59% of 655,677 individuals) were 

engorged specimens from 12 of the 16 identified taxa. The six dominant mosquito taxa 

that were found engorged had a relatively similar representation in the total collection. 

The successful analysis of 2331 individuals (60.7% of all engorged individuals) 

revealed a wide range of hosts fed upon by mosquitoes in the eastern parts of the 

DDBR (Table 4, Table 5).  Large mammals (cattle, horses and wild boars) dominated 

the host spectrum. Sus scrofa, a frequently detected host, is considered to be wild boar, 

rather than domestic pig. The reason is that in the last years, at least in the study area, 

the pig became a rarity in local homesteads and the wild boar remains one of the most 

abundant wild mammals in the DDBR. Five of the six dominant mosquito taxa, 

Coquillettidia richiardii, Anopheles hyrcanus, Anopheles maculipennis s.l., Aedes vexans and 

Aedes caspius, were generalists with similar patterns of feeding. Their mammophilic 

feeding character was followed to smaller extents by anthropophily and ornithophily. 

These observations confirm what other studies have reported in North America 

[573,574] and Europe [108,329,334,355]. Culex pipiens s.l./torrentium (identified as Cx. 

pipiens pipiens f. pipiens in 51 of 88 females) fed on all three main host groups, overall 

taking more blood meals from non-human mammals than from birds and humans 

altogether. However, the feeding pattern of Cx. pipiens s.l. differs significantly from 

that of the other dominant taxa. Bird hosts were detected for this taxon in more than a 

third of the sequenced blood meals (Figure 26a). This taxon is considered the main 

vector of WNV in Romania and Europe [182,217] and was described by numerous 

studies as primarily ornithophilic [219,304,316,334,575,576]. Even so, the proportions 

of host groups detected for Culex pipiens s.l./torrentium are in agreement with other 

studies from Africa [302] and North America [573]. 

The host selection depends on numerous factors, both intrinsic (e.g., genetics, 

larval ecology) and extrinsic (e.g., available hosts). Even if genetic factors have 
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considerable weight in host selection, the choice might ultimately be determined by 

the physiological state or host abundance and availability [577]. Adult mosquitoes 

may also lack host specialization, feeding opportunistically on different host groups 

[578]. This would mean that the availability of vertebrate weighs more for host choice 

than intrinsic factors, and ultimately would be more important for pathogen 

transmission than species-specific host preferences [579]. Interestingly, when 

comparing the four sites, more blood meals originated from humans at Lake Roșuleț 

and Dunărea Veche, than in rural sites (Sulina and Letea) (Figure 26b). The sampling 

in natural sites was conducted at an old, isolated fishing cabin at Lake Roșuleț and at 

the edge a crop field on the banks of Danube (Dunărea Veche). The several workers 

who are present days on a row keep dogs and cats as permanent residents of these 

sites. Although wildlife hosts from the natural sites were detected most frequently, the 

proportion of detected human, cat and dog blood was larger compared to the 

inhabited (rural) sites (Letea and Sulina). This indicates that vertebrate availability 

plays an important role in mosquito host selection in DDBR. As regards dominance of 

abundant vertebrates among the overall detected hosts, it is noteworthy for this study 

that in the DDBR live several thousand feral horses and free-ranging cattle. To date, 

there is no official census, though an estimated four thousand horses and a few 

thousand free or owned cattle roam and reproduce freely in the DDBR. The authorities 

estimated the number of feral horses at 5000 individuals within the DDBR, of which 

1000-2000 live around Letea [580]. However, these estimates have not been updated in 

the recent years. The feral animals have their origins in pre-1990 state-owned collective 

farms, but also private ones, from where they were released in recent decades. Cattle 

and horses were the most common species, accounting for more than 50% of the 

detected hosts. The high abundance in combination with large body size and 

defensive behavior might explain why both mammal species were facilitated so often 

[581]. 

The frequent feeding contacts with humans and other mammals can facilitate 

the transmission of other parasites, like filarial nematodes, especially in the case of 
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dominant taxa like Coq. richiardii, An. hyrcanus, Cx. pipiens f. pipiens, Ae. vexans and Ae. 

caspius. These mosquitoes were found positive for Dirofilaria spp. and Setaria spp. in 

DDBR [410,582] and in other European regions [356]. 

The success rate of host DNA amplification is known to vary widely, usually 

depending on the digestion status of the blood or storage method [583,584]. 

Amplification and sequencing of host DNA can also be problematic when a blood 

meal was acquired from different host species (mixed blood meals). Direct sequencing 

usually results in high background noise and ambiguous electropherograms, often 

with low sequence quality. Cloning is unfeasible for large sets of blood meals, being 

both labor-intensive and expensive. Although there are PCR strategies for overcoming 

limitations associated with mixed blood meals [328], the high-throughput sequencing 

could emerge as a methodological trend for the characterization of blood meals in 

unprecedented detail [585]. 

Danube Delta is a biodiverse and heterogeneous ecosystem complex that is 

known for its dynamic and rich bird and mosquito fauna [376,478]. For such reasons, it 

is surprising that birds were the least utilized group of hosts (n=85, 3.6% of all detected 

hosts). However, this study collected few specimens of the bird-biting Cx. pipiens 

s.l./torrentium. In previous studies conducted in the DDBR, >95% of mosquitoes 

captured with bird-baited traps belonged to this taxon, while the most abundant 

species in our study (Coq. richiardii) was absent or in very small numbers [188,191,480]. 

Thus, it is likely that the general sampling bias previously discussed for mosquito 

surveillance is also reflected in the collection of bloodfed mosquitoes. 
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Table 4.  Frequency and percentage (in brackets) of detected hosts for the six most abundant mosquitoes and information on the 
overall proportion of each host detected in DDBR between 2014 and 2016 

Host/mosquito spp. 
Coquillettidia 

richiardii 
Anopheles 
hyrcanus 

Anopheles 
maculipennis s.l. 

Aedes vexans Aedes caspius 
Culex pipiens s.l./ 

torrentium 
Sum 

Anas platyrhynchos  3 (0.4) 1 (0.4)  1 (0.9)  5 (0.2) 
Anatidae 1 (0.1) 12 (1.5) 4 (1.4)  1 (0.9)  18 (0.8) 

Ardea purpurea 10 (1.2)  1 (0.4)    11 (0.5) 
Circus aeroginosus   1 (0.4)    1 (0) 

Corvus corone 1 (0.1)      1 (0) 
Corvus fragilegus    1 (0.4)   1 (0) 

Cyanistes caeruleus 5 (0.6)     3 (5.4) 8 (0.3) 
Cygnus olor 1 (0.1)      1 (0) 

Dendrocopos syriacus 1 (0.1)      1 (0) 
Egretta garzetta 1 (0.1)      1 (0) 

Falco tinnunculus      1 (1.8) 1 (0) 
Gallus gallus 1 (0.1)   1 (0.4)   2 (0.1) 

Hirundo rustica 2 (0.2)      2 (0.1) 
Ixobrychus minutus      3 (5.4) 3 (0.1) 

Locustella luscinoides      3 (5.4) 3 (0.1) 
Motacilla alba 1 (0.1)      1 (0) 
Netta rufina 1 (0.1)      1 (0) 

Nycticorax nycticorax 4 (0.5) 2 (0.3) 2 (0.7)   7 (12.5) 15 (0.6) 
Parus major      2 (3.6) 2 (0.1) 

Pelecanus onocrotalus 1 (0.1)  1 (0.4)    2 (0.1) 
Phalacrocorax carbo 1 (0.1)      1 (0) 

Streptopelia orientalis   1 (0.4)    1 (0) 
Strix aluco      2 (3.6) 2 (0.1) 

Upupa epops      1 (1.8) 1 (0) 
Homo sapiens 55 (6.7) 132 (16.7) 40 (14.3) 8 (3.5) 14 (13.2) 7 (12.5) 271 (11.5) 
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Table 4. (continued)  
Host/mosquito spp. 

Coquillettidia 
richiardii 

Anopheles 
hyrcanus 

Anopheles 
maculipennis s.l. Aedes vexans Aedes caspius Culex pipiens s.l./ 

torrentium Sum 

Bovidae 2 (0.2)      2 (0.1) 
Canis aureus 1 (0.1) 1 (0.1)   1 (0.9)  3 (0.1) 

Canis lupus familiaris 62 (7.5) 10 (1.3) 19 (6.8) 7 (3) 4 (3.8) 8 (14.3) 111 (4.7) 
Capra hircus 1 (0.1) 1 (0.1)     2 (0.1) 

Capreolus capreolus 1 (0.1)  1 (0.4)    2 (0.1) 
Chiroptera 2 (0.2) 1 (0.1) 1 (0.4)    4 (0.2) 

Equus caballus 140 (16.9) 78 (9.9) 21 (7.5) 120 (52.2) 25 (23.6) 2 (3.6) 391 (16.7) 
Erinaceus europaeus 1 (0.1)      1 (0) 

Felis catus 34 (4.1) 3 (0.4) 7 (2.5)   1 (1.8) 47 (2) 
Lepus europaeus 3 (0.4)   1 (0.4) 1 (0.9) 1 (1.8) 6 (0.3) 

Lutra lutra 2 (0.2) 1 (0.1)     3 (0.1) 
Microtus levis      1 (1.8) 1 (0) 

Mustela lutreola 1 (0.1)      1 (0) 
Mustela nivalis   1 (0.4)    1 (0) 

Nyctereutes procyonoides 1 (0.1)      1 (0) 
Ovis aries 8 (1) 4 (0.5)  2 (0.9) 2 (1.9)  16 (0.7) 

Pipistrellus kuhlii 1 (0.1)      1 (0) 
Rattus norvegicus 4 (0.5)     1 (1.8) 7 (0.3) 

Rhinolophus hipposideros  1 (0.1)     1 (0) 
Sus scrofa 299 (36.2) 28 (3.5) 25 (8.9) 12 (5.2) 11 (10.4) 2 (3.6) 382 (16.3) 

Bloodfed specimens 1,054 1,454 568 343 234 88 3,741 
Succesfully analyzed 

specimens1 
827 791 280 230 106 56 22,90 

Identified hosts per 

mosquito species1 
834 792 283 230 106 62 2,307 

Identified host taxa 30 13 15 9 9 17  
  1 the difference between the number of successfully analyzed specimens and identified hosts resulted from 17 mixed blood meals 
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Table 5. Frequency and percentage (in brackets) of detected hosts for the six least abundant mosquitoes and information on the overall 
proportion of each host detected in DDBR between 2014 and 2016. 

Host/mosquito spp. 
Anopheles 
algeriensis 

Culex 
modestus 

Aedes 
flavescens 

Aedes 
detritus 

Aedes 
cinereus 

Uranotaenia 
unguiculata 

Homo sapiens 9 (50) 3 (37.5) 2 (33.3)   1 (50) 
Bos taurus 5 (27.8) 1 (12.5)  4 (80) 1 (33.3)  

Canis lupus  1 (12.5)     
Equus caballus 2 (11.1)   1 (20) 2 (66.7)  

Felis catus 2 (11.1)      
Rattus norvegicus  2 (25)     

Sus scrofa  1 (12.5) 4 (66.7)    
Pelophylax ridibundus      1 (50) 

Bloodfed specimens 29 (0.8) 36 (0.9) 7 (0.2) 6 (0.2) 3 (0.1) 2 (<0.1) 

Succesfully analyzed 
specimens 

18 8 6 5 3 2 

Identified hosts per 
mosquito species 

18 8 6 5 3 2 

Identified host taxa 4 5 2 2 2 2 
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3.3.1.1 Xenosurveillance of WNV using mosquito blood meals  
(based on Tomazatos et al., 2019) 

The use of haematophagous insects as “flying syringes” enables blood 

sampling in diverse vertebrate communities and the tracing of vector-host contacts in 

a natural context. By extending the concept from detection of the pathogen’s nucleic 

acid to specific antibodies in hosts, the analysis of mosquito blood meals was able to 

inform on the circulation of WNV in the study area. Flavivirus-specific 

immunoglobulin G (IgG) was detected in all four sampling sites and for every year of 

mosquito trapping (2014-2016). Mosquito blood meals originating from horses and 

dogs were flavivirus-seropositive, but no antibodies were detected in blood meals 

taken from humans or birds. Seroprevalence in blood meals taken from dogs (6.3%) 

and horses (4.34%) was similar to direct observations made in dogs and horses from 

southern Europe [586–588]. Comparing our results with direct sampling conducted in 

Figure 26. a) Percentage of host-feeding groups (birds, human, non-human mammals) of the six 
most abundant bloodfed mosquito taxa and b) percentage of main host species detected in two 
rural sites (Letea, Sulina) and the two natural sites (Dunărea Veche and Lake Roșuleț) in DDBR 
between 2014 and 2016. 
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Romania, we found that the seroprevalence in horses was lower than what Popescu et 

al. [589] reported in horses (15.1%) or what Crivei et al. [189] found in dogs from 

eastern counties (42.1%). 

Bloodfed mosquitoes containing flavivirus-specific antibodies belonged to 

taxa that dominated the entomological collection (Table 6). These mosquitoes were 

found positive for WNV RNA in previous work from DDBR, with the exception of Ae. 

vexans, which was found WNV-positive elsewhere and probably is a minor vector of 

this virus [112,186,481,576]. Considering the WNV-positive Cx. pipiens s.l./torrentium 

detected in 2014, active circulation of WNV in DDBR is also supported by flavivirus-

specific antibodies detected in blood meals of these known WNV secondary vectors. 

Furthermore, the study confirmed the reliability of dogs as alternative sentinel species 

for WNV surveillance, as described by previous research [189,590].  

Table 6. Bloodfed mosquitoes positive for flavivirus (WNV) IgG antibodies with 
information on the host species, sampling year and collection sites in the DDBR 
between 2014 and 2016. 

Host Mosquito Year 
Dunărea 

Veche 
Lake 

Roșuleț 
Letea Sulina Sum 

horse Aedes vexans 2016  1   1 
 Anopheles hyrcanus 2016  3   3 
 Anopheles maculipennis s.l. 2015   1 1 2 
 Coquillettidia richiardii 2015   3 1 4 
  2016 1 1   2 

dog Aedes caspius 2016 1    1 
 Anopheles hyrcanus 2014   1  1 
  2016  1  11 2 
 Anopheles maculipennis s.l. 2014  1   1 
 Coquillettidia richiardii 2014    1 1 
  2015  1   1 
 Sum  2 8 5 4 19 

1also positive for USUV-specific IgG 

 Xenosurveillance has obvious advantages, offering solutions to some 

logistical or ethical questions that may arise when attempting to sample diverse host 

communities and elusive or protected vertebrates. Using the mosquito blood meals 

collected between 2014 and 2016, we found some mammals known to be rare or which 
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have a cryptic behavior: raccoon dog (Nyctereutes procyonoides), European mink 

(Mustela lutreola), Eurasian otter (Lutra lutra) and Golden jackal (Canis aureus). One 

interesting bird host was the oriental turtle dove (Streptopelia orientalis). This species is 

considered a very rare occurrence in Europe [591]. Although its sequence identity 

showed 99% identity to references from Genbank, this specimen could be a hybrid 

with between Streptopelia orientalis and Streptopelia turtur. Such records provide a 

compelling argument for the use of a non-invasive sampling method like the blood 

meal analysis for identification and monitoring of species (and their infections), similar 

to that described by Martínez-de la Puente et al. [592] for the rare and elusive Iberian 

lynx (Lynx pardinus). 

3.3.2 Blood meal analysis of Culicoides biting midges 
(based on Tomazatos et al., 2020c)  

Most of the analyzed Culicoides taxa had a broad host-feeding range, similar 

to that of mosquitoes. Mammal hosts were detected only for Culicoides riethi, but the 

small sample size (n=12) does not allow an accurate conclusion on the species’ feeding 

preferences. Both mammal and avian hosts were detected to various extents for all the 

other biting midges. The broad host choice matches previous studies, which reported 

similar results for different Culicoides spp. [593,594]. Humans and carrion crows were 

the only hosts of C. submaritimus (n=8) and cattle, wild boar or goat dominated the 

hosts spectra of the three most frequent Culicoides taxa: C. punctatus, C. 

subfasciipennis/C. pallidicornis and C. griseidorsum. The high frequency of cattle 

detection relates probably to the large number of free-roaming animals available in the 

DDBR and their large body mass [323]. However, despite this distinct dominance of 

mammal hosts, different avian hosts were detected for these three Culicoides taxa, 

similarly to previous reports [338,353,501,595]. 

Culicoides kibunensis is considered predominantly ornithophilic 

[305,357,596,597]. With 24 species of birds and nine species of mammals, this vector of 

avian malaria [305,597] showed the highest host diversity. The diversity of bird hosts 

is not surprising, considering the abundance and diversity of this group in the DDBR. 
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Nevertheless, the observed generalist host-feeding pattern that included humans was 

also observed by other studies in Europe [305,339,597]. Interestingly, the unknown 

Culicoides species showed a similar host range as C. kibunensis and both formed a 

monophyletic clade in the phylogenetic tree of taxa identification (Figure 20). These 

observations could indicate a positive correlation between phylogenetic relatedness 

and feeding behavior, as proposed by some authors [341,598]. In contrast, other 

studies speculated that such similarities in host-feeding patterns are not necessarily 

driven by phylogeny, but might be the result of other factors (e.g., body size-driven 

host choice due to larger emissions of CO2 or volatile compounds) [593]. Although the 

monophily shown in Figure 20 and similarities in host feeding are suggestive of such 

correlations, the analysis of a larger amount of samples could clarify these aspects. 

The results indicate that host availability is a factor that shapes the observed 

host-Culicoides associations. Although no host census was conducted in the sampling 

sites, the number of humans and their pets in natural habitats (Lake Roșuleț and 

Dunărea Veche) is known and was constant during the sampling seasons. Humans, 

dogs and cats had low abundance at these sites compared to birds or free-ranging 

cattle and feral horses. Nonetheless, these hosts were detected for all analyzed 

Culicoides species, meaning that distribution of vectors and their potential hosts should 

be considered when interpreting host-feeding patterns of vectors. For example, a high 

proportion of C. griseidorsum were found to have fed on goats, but this host was 

widely available at Letea, where most of these biting midges were collected. 

A small number of insects from Dunărea Veche were engorged with blood 

from buffalo and goat (Table 8). These hosts were only available in the nearest village, 

perhaps more than 4 km from the trapping site. Winds over the delta’s flat landscape 

could help passive dispersal, as distances of more than 3 km covered during one night 

have been reported [289,290,599,600]. In this way, wind dispersal can enable the long-

distance dispersal of Culicoides vectors and their associated pathogens [601]. 

The broad host range indicates that most of the analyzed Culicoides spp. are 

potential bridge vectors, despite their actual vector competence being largely 
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unknown. Similar to the study of mosquitoes, regular trapping of Culicoides spp. in 

core areas of DDBR revealed taxa new for the country and probably for the Culicoides 

genus (i.e. the unknown Culicoides). Cows and goats are known as BTV reservoirs, 

oftentimes asymptomatically infected [284,306]. Although other ruminants (goat, 

buffalo, roe deer) were far less bitten, the abundance and open range of cows could 

supplant the role of wild ruminants as BTV reservoirs in the area. Culicoides punctatus 

is targeted by surveillance as a potential vector of BTV in Italy [502] and SBV in Poland 

[300]. Considering the growing documentation of cryptic and new species 

[475,499,500,602] and the differences in BTV susceptibility between different C. 

punctatus populations [129], the risk of transmission of Culicoides-borne pathogens 

affecting both livestock and wildlife should not be ruled out in Danube Delta. 
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Table 7. Frequency and percentage (in brackets) of identified Culicoides biting midges and their vertebrate hosts in DDBR in 2017 

Host C. griseidorsum C. kibunensis C. punctatus C. riethi 
C. subfasciipennis/ 

C. pallidicornis 
C. submaritimus 

Unknown 
Culicoides 

Host without 
Culicoides 

identity 
Total hosts 

Bos taurus 170 (63.9) 4 (5.2) 370 (81.3) 8 (80) 188 (83.2) 1 (11.1) 2 (11.1) 74 (68.5) 817 (70.7) 
Bubalus bubalis   1 (0.2)  1 (0.4)    2 (0.2) 

Canis lupus familiaris  4 (5.2)   3 (1.3)    7 (0.6) 
Capra hircus 46 (17.3) 1 (1.3) 4 (0.9) 1 (10) 1 (0.4)    53 (4.6) 

Capreolus capreolus  1 (1.3)       1 (0.1) 
Equus caballus 15 (5.6)  12 (2.6) 1 (10) 4 (1.8)  1 (5.6) 5 (4.6) 38 (3.3) 

Felis catus  1 (1.3)   1 (0.4)    2 (0.2) 
Homo sapiens 3 (1.1) 10 (13) 9 (2)  4 (1.8) 5 (55.6) 2 (11.1) 10 (9.3) 43 (3.7) 

Sus scrofa 28 (10.5) 3 (3.9) 45 (9.9)  22 (9.7)   3 (2.8) 101 (8.7) 
Acrocephalus arundinaceus  1 (1.3)   1 (0.4)    2 (0.2) 

Acrocephalus scirpaceus  13 (16.9)       13 (1.1) 
Ardea cinerea  1 (1.3)       1 (0.1) 

Ardea purpurea  6 (7.8)      1 (0.9) 7 (0.6) 
Columba palumbus  1 (1.3)     1 (5.6)  2 (0.2) 
Coracias garrulus  2 (2.6)     3 (16.7)  5 (0.4) 

Corvus corone 1 (0.4) 6 (7.8)    3 (33.3)  6 (5.6) 16 (1.4) 
Cyanistes caeruleus  4 (5.2) 1 (0.2)    1 (5.6)  6 (0.5) 

Emberiza schoeniclus        1 (0.9) 1 (0.1) 
Falco tinnunculus       1 (5.6) 1 (0.9) 2 (0.2) 

Gallinula chloropus  3 (3.9)       3 (0.3) 
Gallus gallus 2 (0.75) 2 (2.6)     2 (11.1)  6 (0.5) 

Hirundo rustica       2 (11.1)  2 (0.2) 
Meleagris gallopovo        1 (0.9) 1 (0.1) 

Motacilla alba  1 (1.3)       1 (0.1) 
Nycticorax nycticorax  1 (1.3)   1 (0.4)  1 (5.6)  3 (0.3) 
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Table 7. (continued) 

Host C. griseidorsum C. kibunensis C. punctatus C. riethi C. subfasciipennis/ 
C. pallidicornis C. submaritimus Unknown 

Culicoides 

Host without 
Culicoides 

identity 
Total hosts 

Parus major  1 (1.3)      3 (2.8) 4 (0.4) 
Passer montanus  1 (1.3)       1 (0.1) 

Phalacrocorax carbo        2 (1.9) 2 (0.2) 
Streptopelia decaocto       2 (11.1)  2 (0.2) 

Strix aluco  1 (1.3)       1 (0.1) 
Sylvia borin 1 (0.4) 4 (5.2)       5 (0.4) 

Tito alba  1 (1.3)       1 (0.1) 
Asio otus  2 (2.6)       2 (0.2) 

Tito alba/Asio otus  2 (2.6)      1 (0.9) 3 (0.3) 

Failed host detection 11 (4) 26 (25.5) 13 (2.8) 2 (16.7) 19 (7.9) 1 (12.5) 21 (53.8)  
 

Total biting midges  276a  (21.8) 102b (8.1) 455 (36) 12 (0.9) 242c (19.1) 8d (0.6%) 39e (3.1)   

acontained one mixed blood meal: B. taurus + G. gallus 
bcontained one mixed blood meal: S. scrofa + H. sapiens 
ccontained three mixed blood meals: B. taurus + C. l. familiaris; S. scrofa + A. arundinaceus; B. taurus + N. nycticorax 
dcontained two mixed blood meals: C. corone + H. sapiens 
econtained one mixed blood meal: E. caballus + H. rustica
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4 Conclusions and outlook  
The diversity, abundance and new taxonomic records of Culicoides and 

mosquitoes reflect the extent of research conducted so far in this delta, thereby 

highlighting both the gap and the need for further exploration. The new taxonomic 

records should not be surprising, even though the number of mosquito taxa recorded 

in this work is half of that known for DDBR [376]. This is probably related to 

landscape heterogeneity and the different ecological requirements of mosquitoes 

inhabiting the region. Previous entomological work has been conducted mainly in the 

western (Tulcea), southern (Razim-Sinoe lagoon) and central (Maliuc) parts of DDBR. 

Importantly, the logistics of surveillance studies are usually complex and expensive. 

This is especially the case for Danube Delta, where everything depends on a long and 

slow chain of supply, and travel or sampling is possible only by water.  

Although this work provides a detailed overview of mosquito communities, 

the data is likely to be biased in favor of some of the less specialized taxa. The main 

reason is the use of one trap type in several ecosystems. A diversification of attractants 

and sampling sites may reduce this bias. This issue is not so evident in the case of 

Culicoides spp., mainly because the species composition was assessed using a limited 

number of bloodfed individuals plus a very small set of morphological vouchers. 

Considering the new records, the bird-biting unknown Culicoides and the presence of 

C. puncticollis only among the 37 (unfed) morphological vouchers, one may safely 

assume that the number of biting midge taxa in Danube Delta is substantially larger. 

As for their importance in pathogen transmission, the gap remains to be filled by 

future work.  

The large mosaic of ecosystems, the number, type and location of traps can 

underestimate arbovirus presence, considering their focal character in non-epidemic 

years. As suggested also by epidemiological reports [91], the low detection rate WNV 

in our study resulted from sampling during the drier seasons of 2014-2016, when virus 

circulation was reduced in comparison to previous and latter transmission seasons. 
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The detection in only two sites during the second half of June 2014 was possible due to 

systematic trapping of a very large number of mosquitoes. Romania has an 

operational surveillance system for WNV, however full genome sequence data that 

would allow a higher phylogeographic resolution is missing. The implementation of 

an efficient integrated animal-human-vector surveillance program may be a 

challenging undertaking, requiring inter-institutional coordination, capacity building 

and long-term funding, but it is very much needed in the current epidemiological 

context. As seen throughout Europe (e.g., Italy, United Kingdom, Germany, Serbia, 

Hungary), such programs need to be tailored on the eco-epidemiological situation of 

the country. The activity must be scaled accordingly and surveillance conducted in a 

targeted manner, in order to save resources. DDBR remains a key area for the 

surveillance of arboviruses and other vector-borne pathogens due to its eco-

geographical attributes, including its importance for long-distance migratory birds. 

Although this dissertation dealt with migratory birds only opportunistically, the 

collection of ticks during bird ringing found passerines to be frequently infested with 

Hyalomma marginatum. This CCHFV vector is known to travel with birds over long 

distances. In DDBR, an illustrative example is a WNV-positive immature attached to a 

song thrush (Turdus philomelos), that was mist netted at Enisala [162]. Such findings 

justify a special attention for birds and their parasitic associations, especially in the 

context of migration and environmental changes. 

Virus discovery could strengthen surveillance work in biodiverse and little 

researched regions. The technological advancements of sequencing that allow 

unbiased deep sequencing, high-throughput sample screening and/or species 

barcoding have an unprecedented power for finding new zoonotic pathogens and 

disentangling transmission networks. In this dissertation, the discovery and 

characterization of an orbivirus in reptiles (LEAV) and an orthonairovirus in ticks 

(SULV) are two examples that offer a small, but interesting preview of the viral 

diversity harbored by the biotopes of Danube Delta. Unbiased characterization of viral 

diversity was outside the scope of this dissertation, but the results herein discussed 
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could offer some starting points for probing into the viromes of vectors and hosts. For 

example, blood-feeding patterns indicate the most frequent host-vector contacts and 

offer a blood sample of sufficient volume and quality (in most cases). This way, 

xenosurvaillance can be performed by specifically targeting associations that are 

frequent or known to sustain transmission. Data on the abundance, distribution, 

mobility or exposure of preferred hosts (dogs, cattle, feral and domestic horses, birds, 

humans and wild boars) could and should be used for prediction of outbreaks and 

guidance in virus discovery at rural-natural interface, where exposure and risk of 

zoonotic/enzootic transfer is higher. 
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Abstract

Background: Mosquito-borne viruses (moboviruses) are of growing importance in many countries of Europe. In
Romania and especially in the Danube Delta Biosphere Reserve (DDBR), mosquito and mobovirus surveillance are
not performed on a regular basis. However, this type of study is crucially needed to evaluate the risk of pathogen
transmission, to understand the ecology of emerging moboviruses, or to plan vector control programmes.

Methods: We initiated a longitudinal mosquito surveillance study with carbon dioxide-baited Heavy Duty
Encephalitis Vector Survey traps at four sampling sites to analyse the spatio-temporal pattern of the (i) mosquito
species composition and diversity, (ii) functional groups of mosquitoes (oviposition sites, overwintering stage, and
number of generations), and (iii) the occurrence of potential West Nile virus (WNV) vectors.

Results: During 2014, a total of 240,546 female mosquitoes were collected. All species were identified using
morphological characteristics and further confirmed by mitochondrial cytochrome c oxidase subunit I (COI) gene
analysis of selected specimens. The two most common taxa were Coquilettidia richiardii (40.9 %) and Anopheles
hyrcanus (34.1 %), followed by Culex pipiens (sensu lato) (s.l.)/Cx. torrentium (7.7 %), Aedes caspius (5.7 %), Cx.
modestus (4.0 %), An. maculipennis (s.l.) (3.9 %), and Ae. vexans (3.0 %). A further seven species were less common in
the area studied, including two new records for Romania: An. algeriensis and Ae. hungaricus. Phylogenetic analysis of
COI gene demonstrated the evolutionary relatedness of most species with specimens of the same species collected
in other European regions, except Ae. detritus and An. algeriensis, which exhibited high genetic diversity. Due to the
dominance of Cq. richiardii and An. hyrcanus (75 % of all collected specimens), the overall phenology and temporal
pattern of functional groups basically followed the phenology of both species. A huge proportion of the mosquito
population in the course of the entire sampling period can be classified as potential WNV vectors. With 40 % of all
collected specimens, the most frequent species Cq. richiardii is probably the most important vector of WNV in the
DDBR.
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Conclusion: This is the first DNA-barcoding supported analysis of the mosquito fauna in the DDBR. The detection
of two new species highlights the lack of knowledge about the mosquito fauna in Romania and in the DDBR in
particular. The results provide detailed insights into the spatial-temporal mosquito species composition, which
might lead to a better understanding of mobovirus activity in Romania and thus, can be used for the development
of vector control programs.

Keywords: Romania, Danube Delta Biosphere Reserve, Mosquito surveillance, Mitochondrial cytochrome c oxidase
subunit I, Aedes hungaricus, Anopheles algeriensis

Background
In Europe, at least ten different mosquito-borne viruses
(moboviruses) are circulating [1] and especially members of
the family Flaviviridae, i.e. dengue virus, West Nile virus
(WNV), and Usutu virus (USUV), are of growing public
health and veterinary importance [2]. Although mosquito
and pathogen surveillance in Romania is not performed on
a regular basis, the presence of several moboviruses is well
known (e.g. WNV, Sindbis virus, Tahyna virus, Lednice
virus) [1]. Since the first large WNV outbreak in 1996, with
several hundred human cases in Southern Romania [3],
WNV has a high relevance for the country. In 2010, an-
other WNV epidemic with more than 50 human cases
demonstrated that the virus is widely distributed and estab-
lished in the country [4].
The Danube Delta is situated in eastern Romania and

was formed by Europe’s second largest river discharging
into the Black Sea [5]. Under protection since 1991, the
Danube Delta Biosphere Reserve (DDBR) covers 580,000
hectares in Romania and 4600 hectares in the Ukraine.
The biological diversity in the DDBR is huge, comprising
over 1800 species of flora and 3500 species of fauna [6].
Located halfway between the Equator and North Pole,
the DDBR is an important hub for migratory birds from
Africa and Asia. These circumstances strongly suggest a
high risk of introduction of bird associated zoonotic
pathogens such as WNV or USUV.
Pathogens imported by migratory birds find a diverse

mosquito fauna, which have excellent breeding habitats in
this ecologically heterogeneous wetland. Covering more
than 30 different ecosystems [5], the DDBR is character-
ized by vast natural marshes and fresh water bodies,
mainly lakes and channels, providing excellent conditions
for a diverse and very abundant mosquito fauna [7]. The
checklist of the mosquitoes in the DDBR consist of 31
species [7], compromising 56.4 % of the 55 species known
for Romania [8–12].
However, regular mosquito monitoring programmes are

missing in Romania. As already highlighted by Prioteasa &
Falcuta [7], in the DDBR, these types of studies are pre-
dominantly hampered by transportation problems, as many
areas can only be reached by boat. However, a detailed
knowledge on the species composition and phenology are

crucially needed to evaluate the risk of pathogen transmis-
sion, plan vector control programmes, and to understand
the ecology of circulating moboviruses. Therefore, this
longitudinal mosquito surveillance study in the DDBR was
conducted in order to evaluate the spatio-temporal pattern
of the (i) mosquito species composition and diversity, (ii)
functional groups of mosquitoes (oviposition sites, overwin-
tering stage, and number of generations), and (iii) the oc-
currence of potential WNV vectors.

Methods
Study area and mosquito sampling
Four mosquito trapping sites were selected in the DDBR
within an area of about 160 km2 and a minimal linear dis-
tance of ten kilometres between the sites (Fig. 1). Research
permits and approval (9/25.04.2014; 10692/ARBDD/
25.04.2014) were issued by the Danube Delta Biosphere
Reserve Authority. Between April and September 2014,
four carbon dioxide-baited Heavy Duty Encephalitis Vec-
tor Survey (EVS) traps (Bioquip Products Inc., California,
USA) were operated at each site for one night every tenth
day on average. The annual mean temperature of the area
is 11 °C (-1 °C in January and 22 °C in July), with a mean
precipitation about 350 mm per year (see Fig. 2 for wea-
ther conditions during the sampling year 2014).
Trapping site Letea is situated between a channel and a

swamp. The biotope is characterized by a few black locusts
(Robinia pseudoacacia) and mulberry trees (Morus nigra)
between a small field covered with grasses and a swampy
area with reed (Phragmites australis) and bulrush (Typha
angustifolia). Trapping site Dunărea Veche lies on an old,
natural branch of the Danube. The high spring water levels
flood the area until mid-June connecting the channel with
swamps around it in many places. The channel flows very
slowly and the soil is permanently moist. Vegetation is
dominated by T. angustifolia, P. australis, Urtica dioica and
Fraxinus pallisae. The trapping site Sulina lies in a black lo-
cust tree grove (R. pseudoacacia) between a private garden
and a stagnant waterbody. The surrounding flora also con-
sists of vines (Vitis vinifera) and various species of ruderal
herbaceous species. The trapping site Lacul Roșuleț is a
platform surrounded by stagnant or very slow flowing
water. T. angustifolia, P. australis and Salix alba dominate
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the surrounding area, which is bordered by big trees which
stand up in the flat landscape of vast marshes and lakes.

Morphological and molecular identification of mosquitoes
Collected mosquitoes were stored, transported to the
laboratory on dry ice and morphologically identified on
chill tables [13, 14]. Due to transportation or storage,
some specimens were damaged and missed relevant
characters for the species identification. These were only
identified to the genus level or classified as “unidenti-
fied”. Selected specimens of all collected species were
double-checked by another person without knowing pre-
vious identification results. The morphological identifi-
cation of these specimens was confirmed by the analysis
of the mitochondrial cytochrome c oxidase subunit I
(COI) gene [15]. Mosquitoes were placed in sterile 2 ml
reaction tubes and 1.5 ml of cell culture medium (high-
glucose Dulbecco’s modified Eagle’s medium [Sigma-Al-
drich, St. Louis, MO] with 10 % heat-inactivated foetal bo-
vine serum, 100 U/ml penicillin, 100 μg/ml streptomycin,
and 2.5 μg/ml amphotericin B) and 0.75 μl Zirconia beads
(Biospec; 2.0 mm beads) were added for homogenization
in a TissueLyser (Qiagen, Hilden, Germany) for
2 min at 50 oscillation/s. The suspensions were

clarified by centrifugation (5000 g for 1 min), and the
supernatant was used for DNA extraction with the RTP
Pathogen Kit (Stratec Biomedical AG, Birkenfeld,
Germany) according to the manufacturer’s instructions.
The extracted DNA of each sample was used as a template
for the amplification of ~ 560 bp fragment of the COI
gene using the C1-N-2191:5'-GGTAAAATTAAAA-
TATAAACTTC-3'/C1-J-1632:5'-TGATCAAATTTATA
AT-3' primers [15]. Each PCR reaction was per-
formed with the HotStartTaq Plus Master Mix Kit
(Qiagen, Hilden, Germany) according the manufac-
turer’s protocol. PCR products were sequenced at
least twice in each direction by conventional Sanger
technology (LGC, Berlin, Germany).

Genetic diversity and phylogenetic analysis
Sequence assembly, analysis, and multiple alignments were
performed using Geneious v7.1.8 (Biomatters, Auckland,
New Zealand). The species-level identification based on
COI was conducted with BOLD (http://www.boldsystem-
s.org) and BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
In order to investigate the evolutionary relationship of
the mosquito species collected during this study with
those previously reported worldwide and available in

Fig. 1 Sampling sites (1: Letea, 2: Dunărea Veche, 3: Sulina, 4: Lake Roșuleț), of mosquitoes in the Danube Delta Biosphere Reserve (Romania) during the
sampling period in 2014. Landcover variables are aggregated land cover data [Corine Land Cover (CLC) 2006 raster data, http://www.eea.europa.eu]. CLC-
codes: water bodies = 511-523, natural = 311-423, rural = 211-244, urban = 111-142
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GenBank, a maximum likelihood (ML) analysis was
performed using PhyML 3.0 (http://www.atgc-montpel-
lier.fr/phyml/versions.php) with 1000 pseudoreplicates.
To assess the robustness of ML phylogenetic groupings,
a bootstrap resampling analysis was conducted using
1000 replicate neighbor-joining (NJ) tree and Kimura-2
distance model in MEGA6 [16]. The Akaike information
criterion was chosen as the model selection criterion and
the general time-reversible model of sequence evolution
with gamma distributed rate variation among sites and a
proportion of invariable sites (GTR + I + Γ) as the best
model. Sequences were deposited in the GenBank data-
base with the accession numbers KU214640–KU214675
and KT876464–KT876495.

Data analysis
All other data analysis was conducted with R [17]. The
packages plyr [18] and lubridate [19] were used for data
manipulation and the packages ggplot2 [20] and gridExtra
[21] for data visualization. Due to small variations of the
sampling intervals per trapping site, the data were summa-
rized per calendar week. Taxa information on functional
characteristics (overwintering stage, oviposition sites, num-
ber of generations) and the classification as potential WNV

vectors based on the feeding preference were extracted
from the literature (Tables 1 and 2). Abundance-based
Coverage Estimator (ACE) and Chao1 were used to deter-
mine sampling efficiency of mosquito taxa [22–24]. This
procedure was performed with the function “EstimateR”
from the R package vegan [25].

Results
Mosquito species composition
A total of 240,546 female mosquito specimens belonging
to 8 genera and 14 taxa were successfully identified by
morphological characteristics (Tables 1 and 2). The
seven dominant taxa, with more than 2000 individuals
each, were Coquilettidia richiardii (40.9 %), Anopheles
hyrcanus (34.1 %), Culex pipiens (sensu lato) (s.l.)/Cx.
torrentium (7.7 %), Aedes caspius (5.7 %), Cx. modestus
(4.0 %), An. maculipennis (s.l.) (3.9 %), and Ae. vexans
(3.0 %). Among the rare species, representing 0.7 % of
all collected individuals, were Ae. detritus, Ae. flavescens,
Ae. cinereus, Culiseta annulata, and Uranotaenia ungui-
culata. In addition, we detected two new species for
Romania: An. algeriensis and Ae. hungaricus, which both
have been morphologically and genetically confirmed.
In Letea, three females of Ae. hungaricus were trapped

between 29th June and 9th July 2014. These were

Fig. 2 Climate data (mean of the daily mean temperature [°C] and sum of the daily precipitation [mm] per calendar week) for the Danube Delta
Biosphere Reserve (Romania) for 2014 downloaded from http://www.ecad.eu/ [41]
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identified according to the following morphological charac-
teristics [14, 26]: small species, with blackish brown scaled
proboscis and palps, occiput with narrow whitish scales dor-
sally, broad whitish scales and scattered dark scales laterally,
scutum covered with greyish white scales and a median
stripe of dark brown scales, scutellum with pale narrow
scales, hypostigmal scale patch absent, upper mesepisternal
scale patch reaches the anterior angle of the mesepisternum,
mesepimeral scale patch does not reach the lower margin of
the mesepimeron, femora of the fore legs predominately
pale scaled in the basal half, tibiae of the hind legs with dark
scales on the anterior surface, tarsomeres dark scaled with-
out pale basal rings, wing veins covered with dark scales,
abdominal terga with blackish brown scales and pale basal
bands, which are slightly narrower in the middle and con-
nected with pale lateral triangular patches (Fig. 3). Not all
characteristics could clearly be seen on each specimen,
because of damage due to transportation and storage.

Therefore, a reference adult female collected as larva in
1998 on the Tisa river close to Mártély in Hungary was
taken for morphological comparison. The specimen from
Hungary was independently identified as Ae. hungaricus
from three entomologists and the overall appearance was in
agreement with the three specimens from Romania.
A second new species, An. algeriensis, was found with

697 females (0.3 % of all collected mosquito specimens)
at all four sampling sites between April and September
2014. Typical morphological characteristics have been
observed [14]: head antennal ornamentation rare and
poorly developed whorls without a tuft or long white
scales on interocular apse, maxillary palpus is entirely
dark, no white rings, thorax covering of scutum with
setae only, hind leg colour of tarsomeres entirely dark
and mostly with a small apical ring, wings ornamenta-
tion entirely dark and without spot on the costal mar-
gin (Fig. 4).

Table 1 Mosquito taxa recorded in the study area of the Danube Delta Biosphere Reserve (DDBR) in Romania during the sampling
period in 2014 with the number of specimens collected, their respective overall proportion, information if the species was previously
known from Romania and the DDBR, and three functional characteristics for each taxon
Taxa Specimens

(percentage)
Previously known for
Romania and the DDBR

Oviposition
sites

Overwintering
stage

No. of
generations

Source for functional
classification

Coquilettidia richiardii (Ficalbi, 1889) 98276
(40.8552 %)

yes water larvae univoltine [42]

Anopheles hyrcanus (Pallas, 1771) 82073
(34.1193 %)

yes water females multivoltine [43]

Culex pipiens Linnaeus, 1758 (s.l.)/Cx.
torrentium (Martini, 1925)a

18416
(7.6559 %)

yes water females multivoltine [42]

Aedes caspius (Pallas, 1771) 13709
(5.6991 %)

yes land eggs multivoltine [42]

Culex modestus Ficalbi, 1890 9534
(3.9635 %)

yes water females multivoltine [43]

Anopheles maculipennis Meigen,
1818 (s.l.)b

9380
(3.8994 %)

yes water females multivoltine [42]

Aedes vexans (Meigen, 1830) 7295
(3.0327 %)

yes land eggs multivoltine [42]

Unidentified 1041
(0.4328 %)

- - - - -

Anopheles algeriensis Theobald, 1903 697
(0.2898 %)

no water larvae multivoltine [43]

Aedes sp. 71
(0.0295 %)

- - - - -

Aedes detritus (Haliday, 1833) 31
(0.0129 %)

yes land eggs multivoltine [42]

Culex sp. 10
(0.0042 %)

- - - - -

Aedes flavescens (Müller, 1764) 5
(0.0021 %)

yes land eggs univoltine [42]

Aedes hungaricus Mihályi, 1955 3
(0.0012 %)

no land - - [14]

Aedes cinereus Meigen, 1818 2
(0.0008 %)

yes land eggs multivoltine [42]

Culiseta annulata (Schrank, 1776) 1
(0.0004 %)

yes water females multivoltine [42]

Uranotaenia unguiculata Edwards, 1913 1
(0.0004 %)

yes water females multivoltine [43]

aSelected specimens were identified as Culex pipiens Linnaeus, 1758 (s.l.) and Culex pipiens pipiens Linnaeus, 1758 by DNA-barcoding (Fig. 5), bselected specimens
were identified as Anopheles messeae Falleroni, 1926 by DNA-barcoding (Fig. 5).
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All mosquito specimens were homogenized for further
pathogen screening. Extracted DNA is stored in the
Bernhard Nocht Institute for Tropical Medicine, WHO
Collaborating Centre for Arbovirus and Haemorrhagic
Fever Reference and Research National Reference Centre
for Tropical Infectious Diseases, Hamburg, Germany.

DNA barcoding and phylogeny of mosquito species
COI sequences of ~ 550 bp were successfully amplified
from 66 mosquito specimens from the DDBR and
compared with those currently available in databases.
Four sequences of Ae. hungaricus are submitted as the
first records for public databases. The alignment was
unambiguous without gaps and stop codons in amino
acid translation. Comparisons of the COI sequence
alignment indicated point mutations for all detected
mosquito species with the highest number observed in
An. algeriensis (number of point mutations [npms] =
40), followed by Cx. pipiens (s.l.) (npms = 15) and Ae.
detritus (npms = 13). No deletion or insertion among
the sequenced samples have been observed. Gene
sequences of Ae. cinereus (n = 1), Ae. vexans (n = 2),
An. hyrcanus (n = 1), An. messeae (morphologically

identified as An. maculipennis (s.l.) (n = 5), Cs. annu-
lata (n = 1), Cq. richiardii (n = 2), Cx. pipiens pipiens
(n = 8), Cx. pipiens (s.l.) (morphologically identified as
Culex pipiens (s.l.)/Cx. torrentium) (n = 9), Cx. modes-
tus (n = 14), Ae. flavescens (n = 2), Ae. caspius (n = 2),
and Ur. unguiculata (n = 1) from the DDBR were very
similar to sequences obtained from mosquitoes col-
lected in other European regions, except for An. alger-
iensis (n = 14) and Ae. detritus (n = 3), which exhibited
relatively high intraspecific divergence (6 and 3 %, re-
spectively). These results are supported by the phylo-
genetic analysis, which demonstrated the close
evolutionary relatedness and a similar clustering of the
above mentioned species with specimens of the same
taxon from other regions (Fig. 5). Due to missing COI
or other gene sequences of Ae. hungaricus in the data-
bases, the phylogenetic clustering of this particular
species should be interpreted with caution. However,
the analysed specimens of this species formed a dis-
tinct and highly supported monophyletic clade, which
is clustered with Ae. caspius in a distinct group within
the Aedes phylogeny (Fig. 5). It is important to note
that the sequences of the Ae. hungaricus specimens

Table 2 Mosquito taxa recorded in the study area of the Danube Delta Biosphere Reserve (Romania) during the sampling period in
2014 and the host preference determining the possibility to be a potential bridge vector of West Nile virus

Taxa Involved in West Nile virus
transmission elsewhere

Ornithophilic
(bird-biting)

Anthropophilic
(human-biting)

Potential bridge vector (readily
bites both birds and humans)

Source for
classification

Coquilettidia richiardii
(Ficalbi, 1889)

yes yes yes yes [44]

Anopheles hyrcanus (Pallas, 1771) yes no yes no [14]

Culex pipiens Linnaeus, 1758 (s.l.) /
Cx. torrentium (Martini, 1925)a

(yes)c (yes)c (yes)c yes [44]

Aedes caspius (Pallas, 1771) yes no yes no [44]

Culex modestus Ficalbi, 1890 yes yes yes yes [44]

Anopheles maculipennis Meigen,
1818 (s.l.)b

yes no yes no [44]

Aedes vexans (Meigen, 1830) yes no yes no [44]

Unidentified - - - unclassified -

Anopheles algeriensis Theobald, 1903 no no yes no [44]

Aedes sp. - - - unclassified -

Aedes detritus (Haliday, 1833) no yes yes yes [44]

Culex sp. - - - unclassified -

Aedes flavescens (Müller, 1764) no no yes no [44]

Aedes hungaricus Mihályi, 1955 no no yes no [14]

Aedes cinereus Meigen, 1818 yes yes yes yes [44]

Culiseta annulata (Schrank, 1776) no yes yes yes [44]

Uranotaenia unguiculata Edwards,
1913

yes no no no [14, 45]

aSelected specimens were identified as Culex pipiens Linnaeus, 1758 (s.l.) and Culex pipiens pipiens Linnaeus, 1758 by DNA-barcoding (Fig. 5), bselected specimens
were identified as Anopheles messeae Falleroni, 1926 by DNA-barcoding (Fig. 5), cCulex pipiens (s.l.) and Cx. torrentium were not differentiated for most of the
collected specimens
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from DDBR and the reference specimen from Hungary
were almost identical. Anopheles algeriensis forms a
highly divergent paraphyletic group with several line-
ages (likely new subspecies) within the genus Anoph-
eles. The overall clustering pattern of the phylogenetic
tree was similar to that of NJ tree (data not shown),
and all species branched with their respective
subfamilies.

Data analysis
Between eight and twelve taxa were recorded at the four
sampling sites (Table 3). Except for the sampling site
Sulina, with 12 observed and 15 estimated taxa (20 %
difference), the ACE and Chao1 indices estimated the
same number of taxa as observed, suggesting a good
coverage of the taxa present in the study area.
The number of detected taxa per sampling site and

calendar week varied from three to ten with the lowest
taxa richness for the first sampling in April and highest
number of detected taxa in June (Fig. 6). The highest
numbers of mosquito specimens per calendar week
were collected at the beginning of June, followed by
two peaks at the end of June and August. The detected
taxa showed different phenological patterns (Fig. 7).
For example, the highest number of specimens for Ae.
vexans and Ae. caspius were trapped early in the year,
whereas most Cx. modestus were sampled in the late
summer. Another example is the number of observed
generations, e.g. Ae. caspius showed a single population
peak, while Cq. richiardii and An. hyrcanus had three
and two population peaks, respectively (Fig. 7).
The mosquito population over the sampling period

was dominated by taxa, which lay their eggs on the
water surface, whereas taxa laying their eggs on the soil
were only present at the beginning of the sampling
period (Fig. 8). The overwintering stages of the taxa
followed a series with the highest proportion of species
overwintering in the egg stage at the beginning of the
year, followed by taxa overwintering in the larval stage,
and were finally dominated by taxa, which overwinter as
females. Univoltine taxa had their highest proportion
during the summer months, whereas multivoltine taxa
were present during the entire sampling period. Poten-
tial WNV vectors were also present during the entire
sampling period, accounting for more than 50 % of the
total number of collected specimens and exceeding 50 %
of all collected specimens for most calendar weeks in
the summer.

Discussion
This study confirmed 12 previously recognized mosquito
species for Romania by combining morphological identi-
fication and sequencing of the COI gene, representing
one fifth (21.8 %) of the known 55 species of the country
[8–12]. Both indices for extrapolated taxa richness, bias-
corrected Chao and ACE, indicated a relatively good
coverage of the mosquito taxa collected with EVS traps
for the studied area. However, at the same time, the first
reports of two mosquito species for Romania, An. alger-
iensis and Ae. hungaricus, highlight the lack of know-
ledge about the mosquito fauna of the country and the
DDBR in particular. These new records were demon-
strated, because a huge number of specimens of nearly

b c
2 mm

2 mm 2 mm

a

Fig. 3 Specimen of Aedes hungaricus detected in the Danube Delta
Biosphere Reserve (Romania) during the sampling period in 2014. a
Lateral view; b Scutum; c Abdomen

a b

2 mm 2 mm

Fig. 4 Specimen of Anopheles algeriensis detected in the Danube
Delta Biosphere Reserve (Romania) during the sampling period in
2014. a Lateral view; b Scutum and head
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Fig. 5 (See legend on next page.)
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one quarter of a million mosquitoes was collected over
the entire vegetation period. Furthermore, the sampling
sites included remote areas of the DDBR only accessible
by boat. Only three specimens of Ae. hungaricus were
found. Due to its general rarity in Europe, the ecology of
this species is largely unknown [14]. It was only
described that the larvae develop in floodwater pools in
river valleys and probably have several generations per
year [27]. With 697 specimens, An. algeriensis was
trapped more frequently, but representing only 0.3 % of
all collected mosquito specimens. The species is widespread
in Europe with a distribution centre in the Mediterranean
region, but was also found in central Europe as far to the
north in England or Germany [14, 28–30]. Larval breeding
sites are generally located in marshes and slow running
brooks covered with dense vegetation [14], which are also
present in the study area. Females of the species bite mam-
mals outside, near their breeding sites and are susceptible
to Plasmodium spp. [14]. However, due to their scarcity,
both new species probably do not play an important role as
vectors of pathogens in Romania [30].
In order to avoid incorrect mosquito species identi-

fication, selected specimens of each morphological
identified mosquito species were used for a DNA-
barcoding approach. The analysis of the intraspecific
sequence variation (6 %) of the An. algeriensis COI
gene revealed the existence of at least three new
relatives. This result is supported by the phylogenetic
analysis suggesting the occurrence of a heterogeneous
An. algeriensis population within a relatively small re-
gion. Such differentiation might be especially important if

the different subpopulations have a different vector com-
petence [31]. The congruence between morphology-based
identification and DNA-barcode grouping based on phylo-
genetic clustering with high bootstrap support (≥95 %)
was found for all morphologically identified taxa. There-
fore, morphology-based identification is appropriate to
identify the mosquito species in the study area. However,
especially the detection of cryptic species (e.g. Culex
pipiens (s.l.)/Cx. torrentium or the members of the Anoph-
eles maculipennis complex) probably require a mass
screening via specific PCRs [32], [33] rather than a DNA-
barcoding approach.
The main difficulty in the phylogenetic tree reconstruc-

tion was the unbalanced amount of available nucleotide
sequences from other countries. However, the mitochon-
drial gene (COI) based phylogeny clearly related the DDBR
mosquito species to those collected in other European
countries and provided evidence for population subdivision
in An. algeriensis and Ae. detritus. Such differences suggest
allopatric speciation evolvement or mixing of different
mosquito populations, which developed in distinct
geographic regions. Another interesting point worth men-
tioning here, is the phylogenetic clustering of Ae. hungari-
cus. Although the latter seems to be a homogenous species,
almost identical with the reference specimen from
Hungary, further studies on genetic diversity of this rare
species from other countries are necessary for a final
assessment.
The mosquito fauna of the trapping sites was clearly

dominated by two species: Cq. richiardii and An. hyrca-
nus. For Romania, both species were previously re-
ported to have their main distribution in the DDBR and
surrounding floodplains [10]. Coquillettidia richiardii
has a specialized life-cycle with larvae and pupae living
permanently submerged and obtaining oxygen from the
aerenchyma of various aquatic plants in permanent
water bodies, finding perfect conditions in the DDBR.
Similar breeding site preferences for stagnant water
bodies with rich aquatic vegetation were described for
An. hyrcanus. Both species are multivoltine [14, 34] and
had two (An. hyrcanus) and three populations peaks
(Cq. richiardii) during the study year. Due to their
dominance, representing over three quarters of all col-
lected specimens, the overall phenology and temporal
pattern of functional groups basically followed the pattern

(See figure on previous page.)
Fig. 5 Maximum-likelihood phylogeny of the COI gene sequences for selected specimens of the 14 collected mosquito species detected in the
Danube Delta Biosphere Reserve (Romania) during the sampling period in 2014 (red font) and additional sequences retrieved from the NCBI
nucleotide database (http://www.ncbi.nlm.nih.gov). Red marked sections of the tree and the magnified areas in grey/orange indicate the location
of the mosquito species detected in this study. The clades including Aedes hungaricus and Anopheles algeriensis (first reports for Romania) are
highlighted in orange. The maximum likelihood bootstrap replicates (≥70 %) and parallel NJ bootstrap values above 70 (1000 replicates) are
indicated with an asterisk at the nodes. The scale-bar indicates the genetic distance scale expressed as mean number of nucleotide substitutions
per site

Table 3 Estimated taxa richness according the abundance-
based coverage estimator (ACE) and Chao1 for the four study
sites in the Danube Delta Biosphere Reserve (Romania) during
the sampling period in 2014

Dunărea Veche Lacul Roșule Letea Sulina

Observed number
of taxa

8.000 9.000 12.000 12.000

Chao1 8.000 9.000 12.000 15.000

Chao1 standard error 0.000 0.000 0.000 4.517

ACE 8.000 NaNa 13.380 NaNa

ACE standard error 0.935 NaNa 1.708 NaNa

aCalculation of the ACE not possible, because all rare species (<10 specimens)
contained only a single specimen
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of both species with three distinct population peaks, dom-
ination of the oviposition site “water” (both species) and
domination of the overwintering stage “larvae” (Cq.
richiardii) and “female” (An. hyrcanus).
Between 2011 and 2013, different mosquito species

in Romania have been tested WNV-positive [35].
Culex pipiens (s.l.) is considered to be the most im-
portant WNV vector in the country [35, 36], and to-
gether with Cx. modestus considered to be the main
vector species of WNV in Europe [37, 38]. However,
in Romania, WNV was also detected in mosquito
pools of the species Cq. richiardii, An. hyrcanus, Ur.
unguiculata, Ae. caspius, and An. maculipennis (s.l.).
Nicolescu [36] highlighted that these species might
play an important role in the transmission cycle of
WNV, if the principal vector species are missing or
present only with low densities. During the entire
sampling period, a huge proportion of the mosquito
population can be classified as potential WNV vec-
tors. With 40 % of all collected specimens, the most
frequent species Cq. richiardii is probably the most
important vector of WNV in the DDBR, followed by
Cx. pipiens (s.l)/Cx. torrentium, Ae. caspius and Cx.
modestus, which were all found WNV-positive in
Romania [35]. Anopheles hyrcanus was the second

most frequent species and also detected WNV-positive in
the country [35, 39]. However, due to the generally as-
sumed host preference for mammals, the species probably
does not play an important role as bridge vector.

Conclusion
The data generated during this study is likely biased, be-
cause it only included four sampling sites and one type of
adult trap (e.g. different types of adult traps are known to
have a different trapping performance) [40]. Therefore, an
increase of sampling sites and the use of diverse trapping
methods (e.g. different types of adult traps or gravid traps)
including the collection of immature stages might allow the
detection of more mosquito species. Nevertheless, these
data from one vegetation period provide a first, but detailed
overview of the mosquito communities in the DDBR.
Thereby, the detection of two new mosquito species high-
lights the lack of knowledge about the composition and
genetic diversity of the mosquito fauna in Romania and in
the DDBR in particular. The greatest proportion of col-
lected specimens could be classified as potential WNV vec-
tors, which can account for up to 70 % of all sampled
mosquitoes per calendar week. The extension of the ento-
mological surveillance programme will provide baseline
data, which are necessary to better understand mobovirus

Fig. 6 Number of detected mosquito taxa per calendar week for the four sampling sites in the Danube Delta Biosphere Reserve (Romania)
during the sampling period in 2014
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Fig. 8 Proportion of three functional groups and West Nile virus vectors of the total catch of mosquitoes per calendar week in the Danube Delta
Biosphere Reserve (Romania) during the sampling period in 2014

Fig. 7 Number of detected specimens per calendar week of the seven most common mosquito taxa (>2000 specimens) detected in the Danube
Delta Biosphere Reserve (Romania) during the sampling period in 2014
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activity and the phylogeography of a medically important
mosquito vector species. Finally, this information can also
help to implement vector control programmes, e.g. to ad-
just the timing of interventions.
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Abstract: The ecology of West Nile virus (WNV) in the Danube Delta Biosphere Reserve (Romania)
was investigated by combining studies on the virus genetics, phylogeography, xenosurveillance and
host-feeding patterns of mosquitoes. Between 2014 and 2016, 655,667 unfed and 3842 engorged
mosquito females were collected from four sampling sites. Blood-fed mosquitoes were negative for
WNV-RNA, but two pools of unfed Culex pipiens s.l./torrentium collected in 2014 were tested positive.
Our results suggest that Romania experienced at least two separate WNV lineage 2 introductions:
from Africa into Danube Delta and from Greece into south-eastern Romania in the 1990s and early
2000s, respectively. The genetic diversity of WNV in Romania is primarily shaped by in situ evolution.
WNV-specific antibodies were detected for 19 blood-meals from dogs and horses, but not from birds or
humans. The hosts of mosquitoes were dominated by non-human mammals (19 species), followed by
human and birds (23 species). Thereby, the catholic host-feeding pattern of Culex pipiens s.l./torrentium
with a relatively high proportion of birds indicates the species’ importance as a potential bridge
vector. The low virus prevalence in combination with WNV-specific antibodies indicate continuous,
but low activity of WNV in the Danube Delta during the study period.

Keywords: West Nile virus; virus genetics; phylogeography; xenosurveillance; blood meal

1. Introduction

Emerging or re-emerging mosquito-borne viruses (moboviruses) are of growing concern in
Europe [1]. Several moboviruses circulate on the European continent [2]. Thereby, West Nile virus
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(WNV, genus Flavivirus, family Flaviviridae) is of particular importance. This zoonotic virus belongs to
the Japanese encephalitis serocomplex and is one the most widespread moboviruses in the world [3–5].
Enzootic transmission takes place between birds as amplifying hosts and mosquitoes as vectors. WNV
can cause high mortalities in birds, but spillover events also have significant public health consequences,
e.g., headache, rash and even neurological complication [6,7]. Various outbreaks of WNV infections
have been reported in southern and southeastern Europe, resulting in several thousand human cases
with dozens of fatal outcomes [8,9]. Thereby, Romania is a hotspot for WNV circulation [6,8,10–14].
Over the last two decades, the country has experienced at least three large outbreaks of WNV (1996,
2010, 2018) with a mortality rate of up to 20%. Genetic and phylogenetic analyses grouped the WNV
strains into eight distinct evolutionary lineages, from which the most spread worldwide and associated
with disease and outbreaks belong to lineages 1 and 2 [15,16]. The virus is transmitted and maintained
in the natural cycle by mosquitoes (mostly of the Culex genus) as vectors with birds as the main
amplifying hosts, while humans and horses are considered incidental or dead-end hosts. Nowadays,
West Nile virus exhibits a worldwide distribution throughout Africa, the Middle East, Europe, western
Russia, southwestern Asia, and Australia [15]. Starting early 1990s, the frequency, severity and
geographic range of human WNV outbreaks increased with the appearance of new viral strains in
Romania, Russia, Israel, and Greece [17,18]. In the western hemisphere, West Nile virus spread from
its 1999 appearance in New York City throughout the Pacific Coast and Argentina in 2005 [19–21].
Nowadays, the severity, magnitude and geographic location of the WNV outbreaks differs greatly,
being instrumented by the local ecological conditions and increased anomalies of seasonal temperature.
The Danube Delta Biosphere Reserve (DDBR) is the second largest wetland in Europe. This complex of
ecosystems is predominantly located in Romania, with small parts also located in the Ukraine. The
heterogeneous area of the DDBR has a high biodiversity with an important function as a major hub
for bird migration [22,23]. Thus, the area has a high risk for the introduction of zoonotic pathogens.
Introduced moboviruses find an abundant and diverse mosquito fauna [9,23]. Most of the DDBR is
only accessible by boat. This makes comprehensive studies on mosquito fauna and associated viruses a
difficult task, e.g., showcased by a recent pilot study, detecting two new mosquito species for Romania
(Aedes hungaricus and Anopheles algeriensis) [9].

The circulation of WNV in the DDBR was reported before 2014 [12,24]. WNV dynamics in
the Danube Delta are positively correlated with temperature and negatively correlated with rainfall.
However, there is still a lack of knowledge driving the risk of WNV transmission under near-natural
conditions as present in the DDBR. Therefore, in this study, classical virus screening of mosquitoes was
combined with a xenosurveillance approach. Testing for WNV-specific antibodies in sentinel horses or
chicken is a common monitoring tool in Europe [25]. However, such a surveillance system is difficult
to implement under the remote conditions of a wetland system and the results might not reflect the
natural transmission cycle. In addition, comprehensive sampling from wild animals needs a lot of
effort. In this study, mosquitoes were used as “biological syringes”, i.e., blood-fed specimens were
screened for WNV-specific antibodies and viral RNA. Experimental studies by Leigthon et al. [26]
demonstrated the potential of mosquitoes for sero-epidemiological studies. This was further supported
by a field-study in Thailand detecting antibodies against dengue virus and Japanese encephalitis virus
in blood-fed mosquitoes in two different mosquito species [27]. However, a broad application of this
method for different wild mosquito species, which feed on different vertebrate hosts, was missing.

Host-feeding patterns of blood-sucking arthropods shape the transmission cycle of vector-borne
pathogens, offering direct insights into the interaction between vectors and hosts. However, there
is still a lack of knowledge about the host spectrum of mosquitoes in Europe [28]. Previous
studies predominantly investigated certain combinations of vector species and pathogens, e.g., Culex
spp./WNV [29–32], Culex spp./avian malaria [33], Anopheles spp./malaria [33,34] and Aedes albopictus
as an invasive vector species for a variety of pathogens [35]. Only few European studies analyzed
the host-feeding patterns of a wide range of species [36–38], which is required to better understand
pathogen circulation.



Viruses 2019, 11, 1159 3 of 18

Thus, in order to get comprehensive insight into the ecology of WNV in the DDBR, the mosquito
fauna was studied in a longitudinal surveillance program over three years. Molecular assays were
applied to (i) screen for WNV infections in mosquitoes, analyze the evolutionary mechanism of the virus
and its dispersal patterns in Europe, in particular in Romania and the DDBR, (ii) detect WNV-specific
antibodies in the blood meals from horses, dogs, humans and birds and (iii) identify potential vector
species by analyzing the host-feeding patterns of the blood-fed mosquitoes.

2. Materials and Methods

Mosquitoes were collected within a longitudinal arbovirus surveillance program between 2014
and 2016 at two sampling sites in a rural/urban environment (Letea, Sulina) and two near-natural
sampling sites (Dunărea Veche and Lake Ros, ulet,) in the DDBR. Each year, on average, every tenth day
between April and September, three to four (2014, 2015) or one (2016) carbon dioxide-baited Heavy
Duty Encephalitis Vector Survey trap(s) (Bioquip Products Inc., CA, USA) were installed at each site. A
detailed description of the collection sites can be found in Török et al. [9]. The DDBR Authority issued
research permits (9/25.04.2014, 10692/ARBDD/25.04.2014; 7717/ARBDD/28.04.2016, 11/28.04.2016). The
collected specimens were transported on dry ice, stored in the freezer and identified by morphology on
chill tables using a stereomicroscope (Olympus SZX12, Tokyo, Japan) [39]. Blood-fed mosquitoes were
separated from unfed specimens. Furthermore, morphologically identified Culex pipiens specimens
were typed to species level (Cx. pipiens pipiens f. pipiens, Cx. pipiens pipiens f. molestus or Cx. torrentium)
using a molecular assay [40].

For the WNV screening, mosquito pools between 1 and 250 specimens were pooled per sampling
site and sampling date. Mosquitoes were put in 2 mL safe-lock tubes (Eppendorf, Hamburg, Germany)
or 50 mL centrifuge tubes (Sarstedt, Nümbrecht, Germany) with zirconia beads (2 mm, BioSpec
Products, Bartlesville, OK, USA) and 0.5 or 3 mL chilled high-glucose (4.5g/L) Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA). Mosquitoes were homogenized in
a TissueLyser or TissueLyser II (Qiagen, Hilden, Germany) for 2 min at 30–50 Hz. The suspension
was clarified by centrifugation for 1 min at 8000 rpm and 4 ◦C. RNA was extracted with a KingFisher
Flex 96 Deep-Well Magnetic Particle Processor using the MagMAX CORE Nucleic Acid Purification
Kit (ThermoFisher Scientific, Waltham, MA, USA). Samples were tested with pan-flavivirus RT-PCR
modified from Chao et al. [41] as described in detail by Becker et al. [42]. WNV-positive mosquito
pools were subjected to Sanger sequencing (LGC Genomics, Berlin, Germany) for complete genome
sequencing [43].

The blood-fed specimens were individually placed into 2 mL safe-lock tubes. Homogenization
and extraction were conducted using the same protocol as described above. Thereby, 30 µL supernatant
from each of ten specimens was pooled for WNV screening. Detection of WNV-RNA was conducted
with the RealStar WNV RT-PCR Kit 1.0 (altona Diagnostics, Hamburg, Germany).

For the host identification, the supernatant of individual blood-fed specimens was heat-inactivated
at 99 ◦C for 1 min in a Peqlab thermocycler (VWR International GmbH, Darmstadt, Germany) for the
reduction of possible inhibitors. The PCR assay used the Phusion Blood Direct Master Mix (Thermo
Fisher Scientific, MA, USA), 5 µL of the homogenate was used in a total of 30 µL reaction volume
for PCR amplification of the cytochrome b gene [44,45]. Amplification was conducted by incubation
for 5 min at 98 ◦C, followed by 40 cycles of 1 s at 98 ◦C, 5 s at 57 ◦C and 30 s at 72 ◦C, ending with
incubation for 1 min at 72 ◦C. If the reaction with the first primer set yielded no result, the PCR
reaction was repeated using another pair of vertebrate-specific primers targeting the 16S rRNA gene
fragment [46]. The same applied to potential mixed blood meals, as indicated by double peaks in
the sequence electropherograms at different positions, resulting in unreadable chromatograms. For
this PCR, amplification was conducted by incubation for 5 min at 98 ◦C, followed by 40 cycles of 1 s
at 98 ◦C, 5 s at 50 ◦C and 30 s at 72 ◦C, concluded by incubation for 1 min at 72 ◦C. The amplicons
were sequenced (LGC Genomics, Berlin, Germany) and analyzed with Geneious v9.1.7 (Biomatters,
Auckland, New Zealand). Sequences were compared to available sequences from GenBank database
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(https://blast.ncbi.nlm.nih.gov/). Host species were identified if the percentage identity was 95% or
higher. The statistical computer program R [47] was used for all data analyses. Data manipulation and
visualization was conducted with functions from the packages plyr [48], dplyr [49], magrrittr [50] and
ggplot2 [51]. Spearman’s rank correlation was used to analyze the statistical relationship between the
number of analyzed specimens per mosquito species and the number of detected host species. For each
mosquito species, higher order taxa (e.g., Anatidae, Bovidae, Chiroptera) were only considered for the
calculations of host species, if no corresponding taxa of lower ranks were detected. The frequencies of
detected birds, non-human mammals or humans between the six most abundant mosquito species
and between the four sampling sites were compared with Chi-square tests with Bonferroni corrected
p-values for multiple pairwise comparisons.

Horse-, human-, dog- and bird-derived blood meals were tested for WNV-specific IgG/IgY,
using an indirect immunofluorescence (IIF) assay as described previously [52]. Host species were
selected, which are important amplifying hosts (bird), known to become critically ill from WNV
infections (human, horse) or were previously identified to be suitable sentinel species for WNV (dog,
horse) [6,7,53,54]. In brief, Vero cells infected with WNV NY99 were seeded on microscope slides with
12 reaction wells (Marienfeld, Lauda-Königshofen, Germany). Slides were treated with Acetone (99%),
15 µL of each sample (single mosquito homogenized in 500 µL) was transferred into one reaction
well. Cells were washed with PBS and stained with Alexa Fluor® 488-conjugated Alpaca Secondary
Antibodies (Jackson ImmunoResearch, West Grove PA, USA 1:200 in 1% Evans blue solution), namely
goat anti-human IgG, goat anti-horse IgG, rabbit anti-chicken IgY and rabbit anti-dog IgG antibodies,
depending on the identified blood-meal source. In order to test for cross-reactivity with heterologous
flaviviruses potentially circulating in the sampling area, the WNV IgG positive samples were also
tested for Usutu virus- (USUV) and tick-borne encephalitis virus- (TBEV) specific IgG using the same
assay with the respective virus.

Genomes obtained for WNV strains from Danube Delta were compared with all complete and
partial publicly available NS5 gene sequences from Europe and Africa. Phylogenetic trees were inferred
using the Bayesian Markov chain Monte Carlo (MCMC) approach available in BEAST v1.10 [55].
Analyses were performed under the best fit nucleotide substitution model identified as the GTR +Γ for
complete genome and TN93+Γ for partial NS5 datasets using jModelTest 2 [56] and a prior MCMC
was chosen by testing all models and determining Bayes factors (log10 BF). We employed TempEst for
an interactive regression approach to explore the association between genetic divergence through time
and sampling dates [57]. In order to assess the spatial temporal dynamics of WNV, the time to most
recent common ancestor (tMRCA), and the effective population dynamics of WNV, we employed a
relaxed uncorrelated log normal (UCLN) molecular clock, a flexible demographic model (coalescent
Gaussian Markov Random field Bayesian Skyride model, GMRF) as the best demographic scenario
detected. In all cases, each of the MCMC chain lengths was run for 108 generations (with 10% burn-in)
and subsampled every 104 iterations to achieve convergence. The Bayesian maximum clade credibility
(MCC) trees were visualized using FigTree v1.4.1 (http://tree.bio.ed.ac.uk/software/figtree/). To test the
hypothesis that WNV is periodically imported from Africa into Europe, a phylogeographic analysis
was conducted using a discrete model attributing state characters represented by the detection locality
of each strain and the Bayesian stochastic search variable (BSSV) algorithm implemented in BEAST
v1.10 [55].

3. Results

3.1. Mosquitoes and WNV in the Danube Delta

In total, 655,667 mosquitoes representing 14 species and four unspecified taxa (unidentified, Aedes
spp., Culex spp. and Anopheles spp.) were collected (Table S1). The mosquitoes were dominated by six
species: Coquilettidia richiardii (57.9%), Anopheles hyrcanus (24.8%), Anopheles maculipennis s.l. (4.3%),
Aedes caspius (3.9%), Culex pipiens s.l./torrentium (3.5%) and Aedes vexans (2.5%). Other mosquito species

https://blast.ncbi.nlm.nih.gov/
http://tree.bio.ed.ac.uk/software/figtree/
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were represented by 0.0002% to 2.3% individuals per taxa. WNV-RNA was detected in two pools
of unfed Cx. pipiens s.l./torrentium specimens, while all blood-fed mosquito specimens were tested
negative. Both WNV-positive pools were collected in the second half of June 2014 at Lake Ros, ulet, (4
specimens), a near-natural site, and Sulina (95 specimens), the only town in the DDBR.

3.2. Genome Characterization of WNV in the DDBR

Both WNV positive mosquito pools have been subjected to Sanger sequencing for complete
genome sequencing as described elsewhere [43] and deposited in GenBank under the accession
numbers MH939153 and MH939154. Sequence comparison between the two sequenced genomes
revealed 51 nucleotide (identity rate 99.5%) and 8 amino acid (identity rate 99.8%) differences almost
all of them distributed along the polyprotein (Figure S1). Several structural and nonstructural genes of
the WNV from Danube Delta exhibited unique or similar amino acid changes exclusively with African
WNV strains (Figure S2).

3.3. Phylogeography and Spatio-Temporal Dispersal Pattern of WNV

The Bayesian phylogenetic tree of the complete coding sequence of WNV showed that the
strains from Danube Delta clustered in the Eastern European clade 1 together with the strains
Hyalomma/Romania/2013, Volgograd/2007 and Italy 792/14 (Figure 1). Given that the majority of
available sequences from Romania are partial NS5 gene fragments, we have inferred Bayesian MCC
phylogenies with similar topologies as for the complete genome-based tree. In addition, the phylogenies
revealed that the Romanian WNV strains fell into two distinct monophyletic clades within WNV
phylogeny, suggesting two distinct introductions into Romania (Figure 2b). One clade designated
as Eastern European clade 1 (EEC1) included all WNV strains from Danube Delta and some from
south-east Romania (Bucharest), while the second clade designated as Western European clade 1
(WEC1), which forms also a distinct monophyletic clade with WNV strains from south-east Romania,
but not from DDBR (Figure 1b, Figure 2b). To assess the viral migration and origin of the WNV in
Romania, a discrete-trait phylogeography analysis [58] using the complete genome and NS5 datasets
was used to reconstruct the WNV movements between continents/countries. Both datasets exhibited a
strong temporal signal and the coefficient of rate variation supported the use of a relaxed clock model
(Figure 1a, Figure 2a). The phylogenetic analysis revealed that the long-distance movement pattern of
WNV between Africa and Europe occurred. We estimated at least 6 intercontinental and 10 continental
(Europe) viral migration events (Figure 3). For Romania, we observed at least 2 distinct introduction
events (Figure 1b, Figure 2b). The limited number of available sequences from Romania and the lack of
WNV data from several European and African countries make it difficult to infer with confidence the
spatiotemporal pattern of WNV EEC1. The time to the most recent common ancestor (tMRCA) of the
Romanian WNV strains from WEC1 and EEC1 clades indicates a very recent emergence. These strains
were most likely introduced into Romania during the 1990s and 2000s as two distinct introduction
events (Figures 1–3). The EEC1 clade seems to be a descendant of an ancestor that probably emerged
in South Africa around 1910 (95% HPD for 1901–1920; posterior probability 0.96) (Figure 1b), while the
WEC1 clade shares a common ancestor that probably emerged in Greece around 1999 (95% HPD for
1994–2003; posterior probability 0.99) (Figure 2b). The spatial origin and diffusion patterns of the WNV
were reconstructed using a BSSV analysis. The earliest introduction and migration event of WNV
lineage 2 in Romania (Danube Delta) was detected from South Africa (analysis based on complete
genome) or Senegal (based on NS5) between 1992 and 2001, after which the virus dispersed to Russia,
Italy and southeast Romania (Bucharest) (Figures 1–3). The second origin and introduction of WNV
in Romania was detected to be from Greece (based on NS5) between 2001 and 2002 (Figures 1–3).
Furthermore, the phylogeographic analysis also revealed the co-circulation of both EEC1 and WEC1 in
south-east Romania, but not in Danube Delta (Figures 1–3).
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Figure 1. (a) Root-to-tip regression analysis of the West Nile virus (WNV) complete genome based 
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(b) Bayesian maximum clade credibility (MCC) tree representing the time scale phylogeny of WNV 
lineage 2 based on complete genome sequences, including the EEC1 clade. The colored branches of 
the MCC tree represent the most probable geographic location of their descendant nodes (see color 
codes). Time is reported in the axis below the tree and represents the year before the last sampling 
time (2018). 

Figure 1. (a) Root-to-tip regression analysis of the West Nile virus (WNV) complete genome based
maximum likelihood tree. Plots of the root-to-tip genetic distance against sampling time are shown;
(b) Bayesian maximum clade credibility (MCC) tree representing the time scale phylogeny of WNV
lineage 2 based on complete genome sequences, including the EEC1 clade. The colored branches of the
MCC tree represent the most probable geographic location of their descendant nodes (see color codes).
Time is reported in the axis below the tree and represents the year before the last sampling time (2018).
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Figure 2. (a) Root-to-tip regression analysis of the WNV partial NS5 based maximum likelihood tree.
Plots of the root-to-tip genetic distance against sampling time are shown; (b) Bayesian maximum clade
credibility (MCC) tree representing the time scale phylogeny of WNV lineage 2 based on NS5 gene
sequences, including the EEC1 and WEC1 clades. The colored branches of the MCC tree represent the
most probable geographic location of their descendant nodes (see color codes). Time is reported in the
axis below the tree and represents the year before the last sampling time (2018).
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field Bayesian Skyride model, GMRF) with location states and a Bayesian Stochastic Search Variable 
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Figure 3. Spatial dynamics of the WNV lineage 2 reconstructed from the (a) complete genome and
(b) partial NS5 based on MCC tree, a flexible demographic prior (coalescent Gaussian Markov Random
field Bayesian Skyride model, GMRF) with location states and a Bayesian Stochastic Search Variable
Selection (BSSVS) with location states. The directed lines between locations connect the sources and
target countries (color coded) of viral strains and represent branches in the MCC tree along which the
relevant location transition occurs. Location circle diameters are proportional to the square root of
the number of MCC branches maintaining a particular location state at each time-point. Migration
pattern of WNV between Africa and Europe and within Europe based on Bayes factor (BF) test for
significant non-zero rates using complete genome (c) and partial NS5 dataset (d). Viral migration
patterns are indicated between the different regions and countries and are proportional to the strength
of the transmission rate (Bayes factor [BF]). The color of the connections indicates the origin and the
direction of migration and are proportional with the strength of connections. Only well supported
paths between locations are shown.
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The analysis of the complete genome sequences revealed nonsynonymous geographic and
clade-specific mutations in all members of EEC1 including some African ancestral specific amino
acid residues which further strengthen the African origin of the WNV circulating in Danube Delta
(Figure S2).

3.4. Screening for WNV-Specific IgG Antibodies

Nineteen blood meals (2.2%, n = 858 analyzed mosquito specimens) contained WNV-specific
antibodies (Table 1, Table S2). Seven of these samples originated from dogs (6.3%, n = 111) and 12 from
horses (3.1%, n = 391). All blood meals from birds (n = 85) and humans (n = 271) were WNV IgY/IgG
negative. Positive samples were detected for all four sampling sites. WNV IgG positive samples were
also tested for USUV- and TBEV-specific IgG. Only one WNV IgG positive blood meal from a dog was
also tested positive for USUV-specific IgG.

Table 1. Samples of blood-fed mosquito species positive for West Nile virus-specific IgG and IgY
antibodies with information on the host species, mosquito species, sampling site with the respective
number of tested mosquito specimens (in brackets).

Host-Species Mosquito Species Dunărea
Veche

Lake
Ros, ulet,

Letea Sulina Sum

dog Aedes caspius 1 (1) 0 (0) 0 (2) 0 (1) 1 (4)
Aedes vexans 0 (1) 0 (3) 0 (1) 0 (2) 0 (7)

Anopheles hyrcanus 0 (2) 1 (2) 1 (5) 1 (1) 1 3 (10)
Anopheles maculipennis s.l. 0 (3) 1 (13) 0 (2) 0 (1) 1 (19)

Coquillettidia richiardii 0 (5) 1 (40) 0 (7) 1 (10) 2 (62)
Culex modestus 0 (0) 0 (1) 0 (0) 0 (0) 0 (1)

Culex pipiens s.l./torrentium 0 (1) 0 (5) 0 (0) 0 (2) 0 (8)
horse Aedes caspius 0 (2) 0 (6) 0 (10) 0 (7) 0 (25)

Aedes cinereus 0 (0) 0 (0) 0 (2) 0 (0) 0 (2)
Aedes detritus 0 (0) 0 (0) 0 (0) 0 (1) 0 (1)
Aedes vexans 0 (0) 1 (20) 0 (92) 0 (8) 1 (120)

Anopheles algeriensis 0 (0) 0 (0) 0 (1) 0 (1) 0 (2)
Anopheles hyrcanus 0 (1) 3 (6) 0 (65) 0 (6) 3 (78)

Anopheles maculipennis s.l. 0 (0) 0 (1) 1 (12) 1 (8) 2 (21)
Coquillettidia richiardii 1 (2) 1 (32) 3 (90) 1 (16) 6 (140)

Culex pipiens s.l./torrentium 0 (0) 0 (0) 0 (1) 0 (1) 0 (2)
human Aedes caspius 0 (1) 0 (1) 0 (7) 0 (5) 0 (14)

Aedes flavescens 0 (1) 0 (1) 0 (0) 0 (0) 0 (2)
Aedes vexans 0 (1) 0 (1) 0 (5) 0 (1) 0 (8)

Anopheles algeriensis 0 (0) 0 (1) 0 (0) 0 (8) 0 (9)
Anopheles hyrcanus 0 (7) 0 (96) 0 (20) 0 (9) 0 (132)

Anopheles maculipennis s.l. 0 (4) 0 (33) 0 (3) 0 (0) 0 (40)
Coquillettidia richiardii 0 (12) 0 (28) 0 (11) 0 (4) 0 (55)

Culex modestus 0 (0) 0 (1) 0 (0) 0 (2) 0 (3)
Culex pipiens s.l./torrentium 0 (2) 0 (1) 0 (1) 0 (3) 0 (7)

Uranotaenia unguiculata 0 (1) 0 (0) 0 (0) 0 (0) 0 (1)
bird Aedes caspius 0 (0) 0 (2) 0 (0) 0 (0) 0 (2)

Aedes vexans 0 (0) 0 (0) 0 (0) 0 (2) 0 (2)
Anopheles hyrcanus 0 (2) 0 (15) 0 (0) 0 (0) 0 (17)

Anopheles maculipennis s.l. 0 (2) 0 (8) 0 (1) 0 (0) 0 (11)
Coquillettidia richiardii 0 (6) 0 (19) 0 (4) 0 (2) 0 (31)

Culex pipiens s.l./torrentium 0 (12) 0 (3) 0 (1) 0 (6) 0 (22)
Sum 2 (69) 8 (339) 5 (343) 4 (107) 19 (858)

1also positive for USUV-specific IgG.

3.5. Host-Feeding Patterns

From the total mosquito collection, 3842 mosquitoes (0.6%) were blood-fed, belonging to 13
mosquito species (Table 2, Table S3). The blood-fed mosquito species were dominated by six species:
An. hyrcanus (37.8%), Cq. richiardii (27.4%), An. maculipennis s.l. (14.8%), Ae. vexans (8.9%), Ae. caspius
(6.1%) and Cx. pipiens s.l./torrentium (2.3%). Other mosquito species were represented by 1 (0.03%) to
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36 (0.94%) specimens per taxon (Table S3). Fifty-one of the collected 88 blood-fed specimens of Cx.
pipiens s.l./torrentium were identified as Cx. pipiens pipiens f. pipiens.

Table 2. Frequency and percentage (in brackets) of detected host taxa for the six most abundant species
and information on the overall proportion of each host.

Coquillettidia
richiardii

Anopheles
hyrcanus

Anopheles
maculipennis s.l.

Aedes
vexans

Aedes
caspius

Culex pipiens
s.l./torrentium Sum

Anas platyrhynchos 3 (0.4) 1 (0.4) 1 (0.9) 5 (0.2)
Anatidae 1 (0.1) 12 (1.5) 4 (1.4) 1 (0.9) 18 (0.8)

Ardea purpurea 10 (1.2) 1 (0.4) 11 (0.5)
Circus aeroginosus 1 (0.4) 1 (0)

Corvus corone 1 (0.1) 1 (0)
Corvus fragilegus 1 (0.4) 1 (0)

Cyanistes caeruleus 5 (0.6) 3 (5.4) 8 (0.3)
Cygnus olor 1 (0.1) 1 (0)

Dendrocopos syriacus 1 (0.1) 1 (0)
Egretta garzetta 1 (0.1) 1 (0)

Falco tinnunculus 1 (1.8) 1 (0)
Gallus gallus 1 (0.1) 1 (0.4) 2 (0.1)

Hirundo rustica 2 (0.2) 2 (0.1)
Ixobrychus minutus 3 (5.4) 3 (0.1)

Locustella luscinoides 3 (5.4) 3 (0.1)
Motacilla alba 1 (0.1) 1 (0)
Netta rufina 1 (0.1) 1 (0)

Nycticorax nycticorax 4 (0.5) 2 (0.3) 2 (0.7) 7 (12.5) 15 (0.6)
Parus major 2 (3.6) 2 (0.1)

Pelecanus onocrotalus 1 (0.1) 1 (0.4) 2 (0.1)
Phalacrocorax carbo 1 (0.1) 1 (0)

Streptopelia orientalis 1 (0.4) 1 (0)
Strix aluco 2 (3.6) 2 (0.1)

Upupa epops 1 (1.8) 1 (0)
Homo sapiens 55 (6.7) 132 (16.7) 40 (14.3) 8 (3.5) 14 (13.2) 7 (12.5) 271 (11.5)

Bos taurus 185 (22.4) 515 (65.1) 157 (56.1) 78 (33.9) 46 (43.4) 17 (30.4) 1009 (43)
Bovidae 2 (0.2) 2 (0.1)

Canis aureus 1 (0.1) 1 (0.1) 1 (0.9) 3 (0.1)
Canis lupus 62 (7.5) 10 (1.3) 19 (6.8) 7 (3) 4 (3.8) 8 (14.3) 111 (4.7)
Capra hircus 1 (0.1) 1 (0.1) 2 (0.1)

Capreolus capreolus 1 (0.1) 1 (0.4) 2 (0.1)
Chiroptera 2 (0.2) 1 (0.1) 1 (0.4) 4 (0.2)

Equus caballus 140 (16.9) 78 (9.9) 21 (7.5) 120 (52.2) 25 (23.6) 2 (3.6) 391 (16.7)
Erinaceus europaeus 1 (0.1) 1 (0)

Felis catus 34 (4.1) 3 (0.4) 7 (2.5) 1 (1.8) 47 (2)
Lepus europaeus 3 (0.4) 1 (0.4) 1 (0.9) 1 (1.8) 6 (0.3)

Lutra lutra 2 (0.2) 1 (0.1) 3 (0.1)
Microtus levis 1 (1.8) 1 (0)

Mustela lutreola 1 (0.1) 1 (0)
Mustela nivalis 1 (0.4) 1 (0)

Nyctereutes procyonoides 1 (0.1) 1 (0)
Ovis aries 8 (1) 4 (0.5) 2 (0.9) 2 (1.9) 16 (0.7)

Pipistrellus kuhlii 1 (0.1) 1 (0)
Rattus norvegicus 4 (0.5) 1 (1.8) 7 (0.3)

Rhinolophus hipposideros 1 (0.1) 1 (0)
Sus scrofa 299 (36.2) 28 (3.5) 25 (8.9) 12 (5.2) 11 (10.4) 2 (3.6) 382 (16.3)

blood-fed specimens 1054 1454 568 343 234 88 3741
succesful analyzed

specimens 1 827 791 280 230 106 56 2290

identified hosts per
mosquito species 1 834 792 283 230 106 62 2307

identified host taxa 30 13 15 9 9 17

1differences between the number of successful analysed mosquito specimens and identified hosts results from a
total of 17 mixed blood-meals.

The success rate for the identification of the blood sources was 60.7% (2331 specimens), amounting
to 2348 identified hosts from 43 species and three unspecified taxa (Anatidae, Bovidae, Chiroptera). The
difference of 17 specimens between the number of detected hosts and analyzed mosquito specimens
results from mixed blood-meals (Table 2). Hosts were detected for 12 (92.3%) out of the 13 analyzed
blood-fed mosquito species, with no successful PCR amplification for a single specimen of Culex
martinii. The largest number of host taxa was detected for Cq. richiardii (30 species, 827 successfully
analysed specimens), followed by Cx. pipiens s.l./torrentium (17 species, 56 specimens), An. maculipennis
s.l. (15 species, 280 specimens) and An. hyrcanus (13 species, 791 specimens). Both, Ae. vexans and
Ae. caspius fed on a moderate number of host species (nine host species each, 230 and 106 specimens)
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(Table S3). The other mosquito species with two to 18 specimens fed on two to five host species. Not
surprisingly, the number of collected specimens and detected host species were statistically significantly
correlated (Spearman rho = 0.90, p < 0.001).

Cattle (Bos taurus) were the most common host (n = 1009, 43.0% of the detected hosts), followed
by horse (Equus caballus, n = 391, 16.7%), wild boar (Sus scrofa, n = 382, 16.3%), humans (n = 271, 11.5%)
and dog (n = 111, 4.7%) (Table 2). The non-human mammalian host group (19 host species and two
taxa of higher order) was the most numerous group (n = 1992, 85.0% of the detected hosts), followed
by humans (n = 271, 11.5% of all collected mosquitoes). Birds represented the smallest (n = 85, 3.6% of
all mosquito specimens) but most diverse host group (23 species and one unspecified taxa).

These three most common host groups were determined for all six most abundant mosquito
species (Figure 4). The ratios of the three host groups were statistically significantly (χ2 = 252.72,
df = 10, p < 0.001) different between the six most abundant mosquito species. All five taxa except
Cx. pipiens s.l./torrentium showed similar host-feeding patterns with clear preference for non-human
mammals (81.2–95.7% of detected blood meal sources), followed by the host groups human and bird
with 3.5–16.7% and 0.9–3.9%, respectively. However, Ae. vexans had statistically significantly different
host group proportions with a higher proportion of non-human mammals compared to An. hyrcanus,
An. maculipennis s.l. and Ae. caspius (adjusted p values < 0.05, Table S4). Similarly, we observed a
higher proportion of non-human mammals for An. maculipennis s.l. and An. hyrcanus compared to
Cq. richiardii (adjusted p values < 0.01, Table S4). Furthermore, the host-feeding pattern of Cx. pipiens
s.l./torrentium was found to be statistically different (adjusted p values < 0.001, Supplementary Table
S4) compared to all other five abundant species, with 53.2% non-human mammals, followed by 35.5%
birds and 11.3% human.
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(2014–2016).
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The sampling sites had statistically significant different compositions of detected host groups
(Figure 4, χ2 = 114.41, df = 6, p < 0.001). There were no statistical differences between the two
near-natural sites Dunărea Veche and Lake Ros, ulet, (adjusted p values > 0.05, Table S5), but all other
combinations were statically significantly different (adjusted p values < 0.05, Table S5, Figure S3).
We observed higher percentages of non-human mammals and lower percentages of humans for the
two more anthropogenic influenced sites, Letea and Sulina. Furthermore, we detected higher relative
proportions of birds and humans for Sulina compared to Letea.

4. Discussion

In this study, we elucidated the possible origin, pattern of spatial-temporal dynamics, and
eco-epidemiological factors of WNV in the ecosystem of DDBR. Our phylogeographic analysis
identified at least two distinct introduction events of WNV lineage 2 to Romania. It circulates under
a number of different virus variants (EEC1 and WEC1) with South Africa/Senegal and Greece as a
possible hub for the progenitor of WNV strains involved in the outbreaks in Romania. The presence of
a geographically distinct WNV clade (WEC1) is likely due to very recent introduction, adaptation to the
local ecological conditions and some geographic barriers such as climate, vegetation, and vector species.
Furthermore, the long-term circulation (EEC1) and adaptation of the virus to the host populations
and its enzootic maintenance lead to spread into new geographic regions and local virus variants
(in situ evolution).

Although the overlap between the phylogenetic and geographical clustering of the Romanian and
Russian members of the Eastern European clade of WNV lineage 2 was expected, it is interesting to note
that the clade also contains an Italian strain. This suggests a new, independent introduction of the EEC1
in the south-central part of the continent. Similarly to Eastern Europe, the Italian Peninsula is crossed
by major Afro-European bird migration routes. To date, the dispersion pattern of WNV into temperate
Eurasia can be best explained by bird migration [59–62], with short-distance migratory species as
potential mode of WNV spread within Europe [62]. Interestingly, we found evidence of adaptive
evolution in the WNV from Danube Delta also in non-structural genes, which likely indicates that the
host immune selection pressure does not cause increases in viral fitness [63]. Mutations observed at
amino acid positions T108I (C), S196P and R361K (E), I1192V (NS2A) and G2932R (NS5) have been
found to be involved in the formation of EEC1. Although the impact of these mutations mostly from
the nonstructural genes is unclear (likely occurred due to introduction of WNV in this country), similar
changes modulated the host antiviral response by inhibition of interferon signaling [64]. The residue
alternations R851K (NS1), I1462M (NS2B), R1516K (NS3), T2296A (NS4), N2305S (NS4) and R2719K
(NS5) are specific for African variants. Similar patterns of convergent evolution have been described
for WNV and suggest that a limited number of residue changes are permitted due to functional
constraints [65].

This study successfully used a xenosurveillance approach to monitor the presence of WNV-specific
antibodies in different host species. As demonstrated previously [66], mosquito-based surveillance
allows non-invasive blood-sampling from free-roaming vertebrate hosts (e.g., feral horse) and from
species which are rare or have a cryptic behavior (e.g., raccoon dog (Nyctereutes procyonoides), European
mink (Mustela lutreola), Eurasian otter (Lutra lutra) or Golden jackal (Canis aureus)). This study supports
previous studies, which identified horses and dogs as suitable sentinel species for WNV [53,54]. WNV
seroprevalence in dogs (6.3%) and horses (3.1%) was similar to conventional sampling of the species in
different areas with WNV activity [67–69]. Nevertheless, the seroprevalence in horses was markedly
lower than in southeastern Romania (15.1%) [70]. WNV-specific antibodies were found in blood meals
from horses and dogs in all four sampling sites, but not in mosquito blood-meals from human or
bird. Thus, this indicate widespread, continuous WNV circulation, but probably only on a low level.
In addition, due to potential cross-reactivity of the applied serological assay, we cannot exclude the
possibility that one of the samples was also positive for USUV, a virus with a similar transmission
cycle to WNV.
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Feral horses and free-ranging cattle were the two most commonly detected host species, accounting
for more than 50% of the detected hosts. These animals have their origins in pre-1990 state-owned
collective farms and private homesteads from where they were released in more recent years. There
is no official census published, but it is estimated that 4000 horses and a few other thousand cattle
roam and reproduce freely in the DDBR. The high abundance in combination with the relatively huge
body size [71] might explain why both host species are facilitated so often. However, there were
differences between the sampling sites. Non-human mammals dominated the detected hosts for the
two sampling sites located in the interface between anthropic and natural landscapes (Sulina and Letea),
i.e., homesteads in direct proximity of livestock. In contrast, the other two near-natural sampling
sites (Lake Ros, ulet, and Dunărea Veche) were both located deep inside the Danube Delta and only
insignificantly anthropogenically influenced. However, humans are commonly present in a fishing
cabin and an agricultural holding. In the absence of high abundances of cattle and horse, mosquitoes
might rather select other available hosts, e.g., birds and humans. Thus, host availability probably is a
decisive factor for the host-selection of mosquitoes, influencing the risk of local pathogen transmission.

At the same time, this study highlights the importance of Cx. pipiens s.l./torrentium as a WNV
vector in Europe [72]. The only two WNV positive pools belonged to this taxon. Previous studies
described the species complex as predominantly ornithophilic [30–32,60,73]. However, this study
again demonstrates its catholic host-feeding pattern. As the other five most abundance taxa, Cx. pipiens
s.l./torrentium predominantly fed on non-human mammals and humans but had the highest proportion
of birds, i.e., a more than nine times higher proportion, making the species a potential bridge vector.
This is in line with studies from Africa [74], Middle East [75], Europe [37], and North America [76].
Although several other collected mosquito species (e.g., An. hyrcanus) have been found positive for
WNV-RNA in Romania [11,13,24], members of the Culex pipiens complex are considered the main
vectors for WNV in both urban and rural/natural transmission cycles [13].

Active WNV circulation in the DDBR is strongly implicated by WNV infections of unfed mosquito
specimens and serological evidence of WNV-specific antibodies in the hosts. However, this study
collected only few specimens of the most competent vector Cx. pipiens s.l./torrentium. In previous
studies in the DDBR [24,77], >95% of mosquitoes captured with bird-baited traps belonged to this
species complex, while the most abundant species in our study (Cq. richiardii) was absent. The usage
of a single type of trap in only a few sampling sites across the delta’s heterogenous landscape is likely
to have contributed to a biased sampling outcome [78,79]. In addition, mobovirus transmission is
generally restricted to small foci in non-epidemic years [80]. Therefore, the presence of WNV can be
underestimated depending on the number, type and location of traps. Further studies are needed to
identify and further understand the driving factors of landscape and time.

5. Conclusions

The detection of WNV-RNA and WNV-specific antibodies confirms the circulation of this
important mobovirus in the DDBR. Serological evidence for WNV circulation confirms the applicability
of mosquito-based surveillance in sero-epidemiological studies. Host identification for blood-fed
mosquitoes allows the usage of host-specific conjugates. In addition, host-feeding patterns of Cx.
pipiens s.l./torrentium underly the relevance of the taxon as an enzootic and bridge vector for WNV
in Europe, which was further confirmed by the detection of WNV lineage 2 RNA in two pools of
unfed specimens from the same taxon. Local overwintering or reintroduction of the virus could be
considered decisive factors for the evolution, dispersal and endemisation of WNV in temperate Europe.
Thus, to better understand the impact of ecological/immunological factors on WNV evolution, studies
based on more comprehensive genetic data, including those from previously unsampled geographic
regions, are required.
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Abstract 

Background: Culicoides biting midges are potential vectors of different pathogens. However, especially for eastern 
Europe, there is a lack of knowledge on the host‑feeding patterns of this vector group. Therefore, this study aimed to 
identify Culicoides spp. and their vertebrate hosts collected in a wetland ecosystem.

Methods: Culicoides spp. were collected weekly from May to August 2017, using Biogents traps with UV light at 
four sites in the Danube Delta Biosphere Reserve, Romania. Vectors and hosts were identified with a DNA barcoding 
approach. The mitochondrial cytochrome c oxidase subunit 1 was used to identify Culicoides spp., while vertebrate 
hosts were determined targeting cytochrome b or 16S rRNA gene fragments. A maximum likelihood phylogenetic 
tree was constructed to verify the biting midge identity against other conspecific Palaearctic Culicoides species. A set 
of unfed midges was used for morphological confirmation of species identification using slide‑mounted wings.

Results: Barcoding allowed the species identification and detection of corresponding hosts for 1040 (82.3%) of the 
1264 analysed specimens. Eight Culicoides spp. were identified with Culicoides griseidorsum, Culicoides puncticollis and 
Culicoides submaritimus as new species records for Romania. For 39 specimens no similar sequences were found in 
GenBank. This group of unknown Culicoides showed a divergence of 15.6–16.3% from the closest identified species 
and clustered in a monophyletic clade, i.e. a novel species or a species without reference sequences in molecular 
libraries. For all Culicoides spp., nine mammalian and 24 avian species were detected as hosts. With the exception of 
C. riethi (n = 12), at least one avian host was detected for all Culicoides spp., but this host group only dominated for 
Culicoides kibunensis and the unknown Culicoides sp.. The most common host group were mammals (n = 993, 87.6% 
of all identified blood sources) dominated by cattle (n = 817, 70.6%).

Conclusions: Most Culicoides spp. showed a broad host‑feeding pattern making them potential bridge vectors. At 
the same time, new records of biting midge species for Romania, as well as a potentially unknown Culicoides species, 
highlight the lack of knowledge regarding the biting midge species and their genetic diversity in eastern Europe.

Keywords: Culicoides, Barcoding, Host‑feeding patterns, Danube delta, Romania
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Background
Biting midges of the genus Culicoides Latreille, 1809 
(Diptera: Ceratopogonidae) are vectors of a variety of 
pathogens. These include protozoans [1–3], filarial 
worms [4] and numerous viruses [5]. Their relevance as 
vectors is primarily related to veterinary health, though 
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outbreaks of the Culicoides-borne Oropouche virus 
in humans regularly occur in the Neotropics [6]. In 
Europe, several biting midge species are able to trans-
mit bluetongue virus (BTV), African horse sickness 
virus and Schmallenberg virus (SBV) [7]. These viruses 
are responsible for outbreaks of non-contagious dis-
eases in ruminants, causing huge economic losses, e.g. 
due to restrictions on animal trade [8].

The expansion of BTV from the Mediterranean basin 
to central Europe up to Scandinavia [9–11] prompted 
studies on Culicoides taxonomy [12–14], ecology [15–
17] and vector competence [18–20]. In contrast, only 
few studies focused on the Culicoides fauna in south-
eastern Europe. Severe BTV outbreaks were observed 
between 2014 and 2015 in the Balkan Peninsula [21, 
22]. In Romania, BTV was confirmed for the first time 
in 2014 [23]. The most comprehensive studies on the 
Culicoides fauna conducted in Romania date back to 
the end of the 20th century [24, 25]. More recent stud-
ies of the Culicoides fauna in Romania only focused on 
the known vectors of BTV. Thus, with the exception 
of C. imicola Kieffer, 1913 or C. nubeculosus (Meigen 
1830) [26, 27], biting midges were recorded as species 
groups considered the most important vectors of BTV/
SBV, i.e. C. obsoletus group and C. pulicaris group, or 
as “other Culicoides” [28, 29]. Currently, species-spe-
cific information on the distribution of other Culicoides 
taxa in Romania is missing.

The identification of blood sources from engorged vec-
tors is a useful method to understand vector-host inter-
actions and the ecology of associated pathogens [30, 31]. 
The host-feeding patterns of Culicoides have received 
much less attention compared to other vector groups 
(e.g. mosquitoes and ticks) [32, 33]. In Europe, most of 
the vertebrate hosts identified from engorged biting 
midges are ruminants [34–36]. However, other mamma-
lian species such as humans and pigs can also be frequent 
[37–39]. In comparison, avian hosts are generally a more 
diverse, but less frequent group compared to mammals 
[34, 37, 38, 40]. Information about hosts of Culicoides 
species from eastern Europe was obtained by recent 
efforts undertaken in natural areas of Bulgaria [41] and 
Serbia [42]. In Serbia, blood-meal analysis predominantly 
detected ruminant hosts, whereas in Bulgaria, a large 
diversity of avian hosts was recorded for ornithophilic 
biting midges. To the best of our knowledge, such studies 
do not exist for Romania. Therefore, the aim of this study 
was to investigate the host-feeding patterns of Culicoides 
species collected from four sampling sites in the Danube 
Delta Biosphere Reserve (DDBR).

Methods
Trapping methods and study sites
Biting midges were collected at four sites in the DDBR 
as part of a pilot longitudinal arbovirus surveillance 
programme [43] (Fig.  1, Additional file  1: Text S1). The 
trapping site Letea is characterized by a semi-open enclo-
sure for cattle and goats built of wood, reeds and rushes, 
located a short distance from a small canal and almost 
1 km from a deciduous forest. In Sulina, the sampling site 
was a covered cow stable with two or three animals kept 
at night with a stagnant water body (canal) and a large 
dung heap in close proximity. The local host communi-
ties of both anthropogenic sites (Letea and Sulina) are 
predominantly characterized by cattle, horse, cat, poultry 
and humans accompanied by dogs. In contrast, the site 
at Dunărea Veche lays at the confluence of two branches 
of the Danube and adjacent small canals; a large crop 
field is bordered by these waters. The site Lake Roșuleț 
is an old fishery surrounded by a shallow, stagnant canal 
and rows of trees isolating the area from the surround-
ing marshland. Only few humans (farmers and fisher-
men) with dogs and cats are present in Dunărea Veche 
and Lake Roșuleț. The host community of both sites is 
predominantly characterized by a high diversity of wild 
mammals and birds.

Between May and August 2017, one Biogents Sentinel 
trap (BG trap; Biogents, Regensburg, Germany (http://
www.bioge nts.com/)) equipped with an ultraviolet lamp 
was operated at each site for one night per week resulting 
in a total of 60 trap nights. The climate of the study area 
is continental with an annual mean temperature of 11 ℃ 
(− 1 ℃ in January and 22 ℃ in July) and around 350 mm 
of mean precipitation per year. Sampling in the present 
study was conducted during a hot and dry summer. A 
mean temperature of 21 ℃ and mean precipitation under 
30 mm was recorded in the Danube Delta between May 
and August 2017 (http://www.meteo roman ia.ro/clima /
monit oriza re-clima tica/).

Sample processing
Insects were frozen, shipped on dry ice and stored at 
− 80  ℃ in the laboratory. Due to the large amount of 
non-engorged and engorged Culicoides, only a ran-
dom subsample of 1264 engorged specimens from all 
four sampling sites and every month of collection were 
selected. During the progress of sequencing, a dominance 
of cattle was observed for the sites Sulina and Letea. 
Therefore, we focused specifically on the engorged Culi-
coides from the sites Dunărea Veche and Lake Roșuleț, 
where a wider range of wildlife host blood meals were 
likely to be detected. Dry, frozen storage was preferred 
over ethanol storage to allow virus isolation and charac-
terization at a later time. Biting midges were separated 
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by engorged status and wing patterns under a stereomi-
croscope (Olympus ZSX12, Tokyo, Japan). In addition, 
a small set of unfed specimens (n = 37) from each sam-
pling site (Sulina, n = 10; Letea, n = 9; Dunărea Veche, 
n = 10; Lake Roșuleț, n = 8) were used for morphological 
identification, which were selected as morphologically 
representative for the different Culicoides species in the 
samples. Wings were mounted on slides in Euparal (Carl 
Roth, Karlsruhe, Germany) and species identified by 
morphology using the key of Mathieu et al. [14].

For DNA extraction, each specimen was placed into an 
individual sterile 2  ml tube (Eppendorf, Hamburg, Ger-
many) with 5–9 zirconium beads (1 mm, Carl Roth) and 
200  μl of Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO, USA) with 100  μg/ml strepto-
mycin (PAN-Biotech, Aidenbach, Germany) and 2.5 μg/
ml amphotericin B (PAN-Biotech). The samples were 
homogenised with a TissueLyser II (Qiagen, Hilden, Ger-
many) twice for 3 min at 30 Hertz. The suspension was 
clarified by centrifugation at 8000× rpm for 2 min at 4 ℃. 
Total nucleic acid was extracted from 100 μl of superna-
tant, using the MagMAX™RNA/DNA Pathogen Kit with 

a KingFisher™ Flex Magnetic Particle Processor (Thermo 
Fisher Scientific, Waltham, MA, USA).

Molecular identification of biting midges
A 658-bp fragment of the mitochondrial cytochrome 
c oxidase subunit 1 gene (cox1) was amplified PCR, 
using the primers HCO2198 and LCO1490 [44]. One 
microliter template was added to a 10  μl reaction mix, 
containing 6.6  μl of Hotstar Taq Master Mix (Qiagen), 
2.2 μl of molecular grade water (included in the Master 
Mix kit) and 0.6 μl of each 10 μM primer. The following 
cycling program was used: initial denaturation at 95 ℃ 
for 15  min, followed by 40 cycles of 30  s denaturation 
at 94 ℃, 45 s annealing at 40 ℃ and 1 min extension at 
72 ℃, and final extension step for 10 min at 72 ℃. Each 
PCR run included DNA of Culex quinquefasciatus Say, 
1823 (positive control) and ultrapure water (negative 
control). All amplicons were visualised on 2% agarose 
gels and PCR products sequenced with LGC Genomics 
(Berlin, Germany).

Romania
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Serbia
Bulgaria

Moldavia

Bukarest

Danube
Delta
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natural
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undefined
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32
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Fig. 1 Sampling sites (1: Letea; 2: Dunărea Veche; 3: Sulina; 4: Lake Roșuleț) of Culicoides in the Danube Delta Biosphere Reserve (Romania) during 
the sampling period in 2017. Landcover variables are aggregated land cover data (Corine Land Cover (CLC) 2018 raster data, https ://land.coper nicus 
.eu/). CLC codes: water bodies, 511–523; natural, 311–423; rural, 211–244; urban, 111–142
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Molecular identification of Culicoides hosts
Hosts were identified using two PCR protocols targeting 
the cytochrome b (cytb) and 16S rRNA gene fragment 
[45–47]. Both protocols were described in detail in a pre-
vious study by Börstler et al. [32]. If the amplification with 
the first pair of primers failed [45, 46], another PCR was 
applied using the second pair of primers [47]. The same 
applied to potential mixed blood meals as indicated by 
double peaks at different positions in the sequence elec-
tropherograms. These samples were also analysed with 
both PCRs. As observed in our previous studies [32, 33], 
the PCR targeting the cytb gene fragment generally has 
a higher amplification rate for mammals, and the PCR 
targeting the 16S rRNA gene fragment a higher ampli-
fication rate for birds. We used the DNA of a mammal 
(African green monkey, Chlorocebus sabaeus (L.)) and a 
bird (European blackbird, Turdus merula L.) as positive 
controls. The negative control was ultrapure water, which 
was included in each PCR run. These amplicons were 
also visualised and sequenced as described above.

Data analysis
Sequences were visualised and edited with Geneious ver-
sion 9.1.7 (Biomatters, Auckland, New Zealand). The 
resulting sequences were submitted for species identi-
fication using the basic alignment search tool (BLAST) 
in the GenBank DNA sequence database (https ://blast 
.ncbi.nlm.nih.gov/) and the Barcode of Life Database 
[48]. In order to rule out potential contamination, sam-
ples indicating human host DNA were repeated sepa-
rately in an individual PCR reaction. Identity values for 
the Culicoides and host species generally ranged between 
98 and 100%. Sequences with lower identity values were 
repeated. One exception was the newly described hap-
lotype of C. punctatus (Meigen, 1804), which showed 
identity values between 96 and 97%. In addition, informa-
tion on the fauna of the DDBR were used to interpret the 
sequences. For example, domestic pig has become quite a 
rarity in the study area (Additional file 1: Text S1). There-
fore, these sequences were classified as wild boar, which 
is a common wild mammal in the DDBR.

To assess the phylogenetic relationship of Culicoides 
identified in the DDBR with other previously reported 
species in the Palaearctic, a maximum likelihood tree 
was constructed with MEGAX [49] with additional 
conspecific and outgroup sequences (Forcipomyia spp. 
and Cx. quinquefasciatus) from GenBank (Additional 
file  2: Table  1). The HKY + G model was identified as 
the best-fit model of nucleotide substitution by Jmod-
eltest 2.1.10 [50] based on calculations of Bayesian and 
Akaikeʼs information criteria. Robustness of nodes was 
assessed by 1000 bootstrap replicates. The Culicoides 
spp. sequences generated in this study were deposited 

in the GenBank database under the accession numbers 
MN274523-274532 and MN340302-340312.

Results
Molecular identification of biting midges
Sequencing a fragment of the cox1 gene allowed the 
molecular identification of 1134 (89.7%) of the analysed 
1264 engorged Culicoides (Table  1). Five species were 
identified for engorged biting midges: C. griseidorsum 
Kieffer, 1918; C. kibunensis Tokunaga, 1937; C. puncta-
tus; C. riethi Kieffer 1914; and C. submaritimus Tokun-
aga & Murachi, 1959. Culicoides subfasciipennis Kieffer, 
1919/C. pallidicornis Tokunaga & Murachi, 1959 were 
not differentiated to the species level. Furthermore, 39 
sequences (3.1% of the analysed specimens) could not be 
identified to species level by comparison with other Culi-
coides sequences available on GenBank. The sequences 
of these specimens had a high similarity indicative of 
belonging to the same species and represent the seventh 
taxon hereafter referred to as “unknown Culicoides”. The 
eighth taxon detected was C. puncticollis (Becker, 1903), 
only present in the non-engorged fed biting midges 
selected for morphological identification. Four of the 
seven detected engorged species were confirmed by mor-
phology: C. griseidorsum; C. kibunensis; C. riethi; and C. 
punctatus. In contrast, engorged C. submaritimus and C. 
subfasciipennis/C. pallidicornis were identified solely by 
barcoding and were not found in the small set of unfed 
specimens. Culicoides puncticollis was identified by mor-
phology and cox1 barcoding, but only from the same sub-
set of 37 unfed specimens (Additional file 3: Figure S1). 
As the cox1 sequences are not suitable to differentiate 
between C. subfasciipennis and C. pallidicornis [51, 52], 
these specimens were classified as C. subfasciipennis/C. 
pallidicornis. The unknown Culicoides species had simi-
lar wing patterns to C. kibunensis (Fig. 2).

In order to perform a identity verification of the gener-
ated Culicoides cox1 sequences, we constructed a maxi-
mum likelihood phylogenetic tree including conspecific 
Culicoides and outgroup sequences (Fig.  3). A distinct 
haplotype of C. punctatus (designated as C. punctatus 
P) was identified in almost half (n = 207, 45.5%) of the 
454 C. punctatus specimens analysed. These clustered 
within a separate monophyletic clade showing a genetic 
distance of approximately 4% to C. punctatus (Fig.  3). 
For the unknown Culicoides we could not find any simi-
lar sequences in the databases. This group of specimens 
showed a divergence of 15.6–16.3% from the closest iden-
tified Culicoides species (data not shown). The sequences 
of these specimens had a high similarity with each other 
and clustered with C. kibunensis in a monophyletic clade 
(Fig. 3).
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https://blast.ncbi.nlm.nih.gov/
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Fig. 2 Two wing pictures for the unknown Culicoides species collected in the Danube Delta Biosphere Reserve (Romania) during 2017

Fig. 3 Maximum likelihood phylogenetic tree of cox1 sequences for Culicoides species collected in the Danube Delta Biosphere Reserve (Romania) 
during 2017. Silhouettes indicate observed host‑feeding patterns regarding the relative frequencies of mammalian and avian hosts. The tree was 
inferred using an HKY + G model (1000 bootstrap replicates) and rooted with Forcipomyia sp. and Culex quinquefasciatus. Branch support values of 
≥ 50% are displayed and GenBank accession numbers of sequences shown on the branch tips
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Culicoides punctatus (n = 455, 36.0%  of all ana-
lysed  specimens), C. griseidorsum (n = 276, 21.8%), C. 
subfasciipennis/C. pallidicornis (n = 242, 19.1%) and C. 
kibunensis (n = 102, 8.1%) were the most frequent taxa 
identified (Table 1, Additional file 4: Table S2). Culicoides 
riethi (n = 12, 0.95%) was found in the traps set near live-
stock in the sites Sulina and Letea, while Culicoides sub-
maritimus (n = 8, 0.63%) was only found for Dunărea 
Veche and Lake Roșuleț, respectively.

Molecular identification of Culicoides hosts
Overlapping the two sets of sequences obtained for Culi-
coides identification and their hosts, information was 
available for 1040 (91.7%) of the 1134 molecular identi-
fied biting midges (Table  1). Blood-meal identification 
was not possible for 93 specimens due to failed PCR 
amplification. In addition, eight mixed blood meals were 
detected. With the exception of C. punctatus (n = 455) 
and C. riethi (n = 12), mixed blood meals where found for 
engorged specimens of all five Culicoides spp. Two Culi-
coides specimens contained blood from two mammalian 
hosts, while the other six specimens had mixed blood 
meals from a bird and a mammal.

A total of 33 vertebrate species were identified includ-
ing nine species of mammals (27.3%) and 24 species of 
birds (72.7%) (Table  1). Mammals dominated the host 
spectrum (n = 1064, 92.0% of all  1156 identified blood 
sources). Cattle (Bos taurus) was the most abundant 
species (n = 817, 70.7%), followed by wild boar (n = 101, 
8.7%). Other mammalian hosts were each found at a 
rate below 5%. Birds amounted to 8% of all the identi-
fied hosts with the Eurasian reed warbler (Acrocephalus 
scirpaceus; n = 13, 1.12%) and the carrion crow (Corvus 
corone; n = 16, 1.38%) as most frequent.

With the exception of C. riethi (n = 12), at least one 
avian host was detected for all Culicoides spp. Birds 
dominated the blood-meal sources of C. kibunensis and 
the unknown Culicoides sp. (68.8% and 72.2% of the 
detected hosts, respectively) (Table  1). Culicoides kib-
unensis had the highest diversity of hosts, with seven 
(77.8%) of the nine mammalian hosts and 18 (75%) of 24 
species of avian hosts. Furthermore, humans were the 
most frequent mammalian host for this species (n = 10, 
13.0% of all identified hosts). In contrast, the three most 
frequent Culicoides spp. (C. griseidorsum, C. puncta-
tus and C. subfasciipennis/C. pallidicornis) showed high 
proportions of cattle (between 63.9 and 85.9% of all iden-
tified blood sources per taxon). The second most fre-
quent hosts were goat (Capra hircus) for C. griseidorsum 
(17.3%) and wild boar for C. punctatus  (6.6%), C. punc-
tatus P  (14.4%) and C. subfasciipennis/C. pallidicornis 
(9.7%) (Table  1). No differences were observed between 

C. punctatus and its distinct haplotype C. punctatus P. 
Furthermore, for C. submaritimus (n = 8) only blood 
meals from humans (n = 5), carrion crows (n = 3)  and 
cattle (n = 1) were detected.

Discussion
The relevance of Culicoides spp. as important vectors of 
pathogens is well known. Thus, information about their 
diversity and host-feeding patterns is crucial to under-
stand parasite-host interactions and the ecology of asso-
ciated pathogens [30]. DNA barcoding is an important 
tool in biodiversity studies [53–57]. Thereby, barcod-
ing also helped to identify cryptic and new Culicoides 
species [58–60]. In this study, successful sequencing of 
1040 engorged insects demonstrated that barcoding is a 
useful tool for both, Culicoides and host identification. 
However, it must be considered that the different genetic 
markers can have pitfalls and do  not necessarily reflect 
morphological differences [56, 61], i.e. using a single 
marker might be insufficient for an accurate identifica-
tion of species.

A total of seven Culicoides species-level taxa were 
detected for the four sites in the DDBR. In the phylo-
genetic tree, specimens of the same taxon clustered 
in well-supported terminal clades. The only exception 
was C. subfasciipennis/C. pallidicornis. The separation 
between these two species is based on a variable light 
spot on the wing’s anal cell of C. subfasciipennis [14]. 
However, the analysis indicated no sequence differ-
ences of the cox1 gene. The discriminatory characters 
on the wing might be unreliable and further studies are 
required to clarify the status of both species [51, 52].

Culicoides griseidorsum, C. puncticollis and C. sub-
maritimus were recorded for the first time in Romania, 
increasing the number of known Culicoides species for 
the country to 49 species [25]. Culicoides submaritimus 
has been considered a synonym of C. maritimus Toku-
naga, 1940 by some authors [62, 63], while recent stud-
ies treated C. submaritimus as a distinct species [14, 
64]. In the present study, C. submaritimus was identi-
fied by its similarity with cox1 sequences from Turkey, 
which are the only sequences available on GenBank for 
this species, while no cox1 sequences were available for 
C. maritimus. Neither C. submaritimus, nor C. mariti-
mus are included in the inventory of Culicoides biting 
midges of Romania [25], although more recent studies 
include the country in the distribution of C. maritimus 
[14, 65].

The observed genetic variation for the analysed C. 
punctatus in two distinct clades is within intraspe-
cific boundaries [59]. Such sibling species may vary in 
their vectorial capacity [66], e.g. vector competence 
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or host-feeding patterns of members in the Anopheles 
gambiae complex. However, we did not detect differ-
ences in the host-feeding patterns between either taxa. 
Furthermore, the specimens clustering within the clade 
designated as “unknown Culicoides” showed genetic dis-
tances of 15.6–16.3% from the closest described species. 
These distances are similar to those observed between 
the other Culicoides species in our study. Comparable 
distances were found in other Culicoides spp. [67, 68] or 
mosquitoes [69], indicating that these specimens belong 
to a separate new species or a species without reference 
sequences in molecular libraries.

The overall host spectrum covered species expected 
for the DDBR, including livestock species like buf-
falo (Bubalis bubalis). Therefore, most of the analysed 
Culicoides spp. had a broad host-feeding range. Only 
mammalian hosts were detected for C. riethi, but the 
small sample size of only 12 engorged specimens does 
not allow an accurate conclusion on the species’ host-
feeding pattern. Both, mammalian and avian hosts 
were detected for all other biting midge taxa to various 
extents. The broad host choice matches previous stud-
ies, which find similar results for different Culicoides 
spp. [70, 71]. Humans and carrion crow were the only 
hosts of C. submaritimus (n = 8). Cattle, wild boar or 
goat dominated the hosts of the three most frequent 
Culicoides taxa (C. punctatus, C. subfasciipennis/C. 
pallidicornis and C. griseidorsum). The high frequency 
of cattle probably relates to the large number of free-
roaming cattle available in the DDBR and their large 
body mass [72]. However, as observed before [41, 67, 
73, 74], despite this distinct dominance of mammalian 
hosts, different avian hosts were detected for the three 
Culicoides taxa.

Culicoides kibunensis is considered predominantly 
ornithophilic [37, 38, 75, 76]. With 18 species of birds 
and seven species of mammals, this vector of avian 
malaria [37, 38] showed the highest overall host diver-
sity. The wide range of bird species is not surprising, 
considering the diversity of this vertebrate group in 
the DDBR. Nevertheless, the observed generalist host-
feeding pattern including humans match previous stud-
ies [34, 37, 38]. Interestingly, the unknown Culicoides 
species showed a similar host-feeding pattern as C. 
kibunensis, with which it formed a monophyletic clade 
in the phylogenetic tree. These observations support 
the hypothesis of a positive correlation between bit-
ing midge phylogenetic relatedness and their feeding 
behaviour [40, 77]. In contrast, other studies specu-
lated that such similarities in host-feeding patterns 
are not necessarily driven by  phylogenetic related-
ness, but might be the result of other factors (e.g. body 

size-driven host choice due to larger emissions of  CO2 
or volatile compounds) [71].

Host availability probably has a significant impact 
on the observed host-feeding patterns of Culicoides 
spp. Although no quantitative information on the host 
community is available, the prevalence of humans and 
domestic animals at Dunărea Veche and Lake Roșuleț is 
known. Humans, dogs and cats had relative low abun-
dance at both sites compared to birds or free-ranging 
cattle and horses. Nevertheless, humans, dogs or cats 
were detected as hosts for all analysed Culicoides spe-
cies. Thus, caution regarding the distribution of bit-
ing midges and the potential host has to be considered 
when interpreting host-feeding patterns of Culicoides. 
For example, a high proportion of C. griseidorsum were 
found to have fed on goats, but this host was widely 
available at Letea, where most of this species were col-
lected (Additional file  4: Table  S2, Additional file  5: 
Table S3).

Information on the host-feeding patterns can be also 
used to estimate dispersal distances of Culicoides spp. 
[77]. Biting midges from the sampling site Dunărea 
Veche were engorged with blood from buffalo and 
goat. These hosts are only available in the nearest vil-
lage more than 4 km from the trapping site, which is in 
the range of a previous study on Culicoides [78]. Maxi-
mum dispersal distances of more than 3 km over one 
night were recorded regularly. Winds over the delta’s 
flat landscape might favour passive dispersal [79–82]. 
Thereby, besides active midge movement, wind disper-
sal is considered an important mode of long-distance 
dispersal for Culicoides-borne pathogens [83–85].

Conclusions
The broad host range of different mammalian and avian 
species indicates that most of the analysed Culicoides 
species in the DDBR are potential bridge vectors. How-
ever, the actual vector competence of these species is 
largely unknown. Of the dominant Culicoides species 
analysed, C. punctatus was previously indicated as a 
potential vector of BTV and SBV [86, 87]. Free roaming 
cattle, the most abundant and most frequently detected 
hosts in the region, could have an important role in 
amplification and spread of pathogens between wild 
ruminants and livestock [88]. At the same time, the new 
records of biting midge taxa for the country presented 
here and the detection of a potentially unknown Culi-
coides taxon highlight the lack of knowledge regarding 
the biting midge species and their genetic diversity in 
Europe.
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Abstract: The discovery and characterization of novel arthropod-borne viruses provide valuable
information on their genetic diversity, ecology, evolution and potential to threaten animal or public
health. Arbovirus surveillance is not conducted regularly in Romania, being particularly very scarce
in the remote and diverse areas like the Danube Delta. Here we describe the detection and genetic
characterization of a novel orbivirus (Reoviridae: Orbivirus) designated as Letea virus, which was
found in grass snakes (Natrix natrix) during a metagenomic and metatranscriptomic survey conducted
between 2014 and 2017. This virus is the first orbivirus discovered in reptiles. Phylogenetic analyses
placed Letea virus as a highly divergent species in the Culicoides-/sand fly-borne orbivirus clade.
Gene reassortment and intragenic recombination were detected in the majority of the nine Letea
virus strains obtained, implying that these mechanisms play important roles in the evolution and
diversification of the virus. However, the screening of arthropods, including Culicoides biting midges
collected within the same surveillance program, tested negative for Letea virus infection and could
not confirm the arthropod vector of the virus. The study provided complete genome sequences
for nine Letea virus strains and new information about orbivirus diversity, host range, ecology and
evolution. The phylogenetic associations warrant further screening of arthropods, as well as sustained
surveillance efforts for elucidation of Letea virus natural cycle and possible implications for animal
and human health.

Keywords: arbovirus; reptile; orbivirus; Danube Delta; metatranscriptomics; surveillance

1. Introduction

The Reoviridae family is a large and diverse group of nonenveloped, icosahedral viruses with
genomes composed of 9–12 linear molecules of double-stranded RNA (dsRNA). Reoviruses are divided
between the Spinareovirinae subfamily (species with turrets on the core particle) and Sedoreovirinae
subfamily (species with smooth, nonturreted core particles). They infect numerous host species,
from plants to crustaceans, insects, aquatic and terrestrial vertebrates [1]. Among the 16 Reoviridae
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genera, the Orbivirus genus (subfamily: Sedoreovirinae) is the largest, having 22 species recognized
by the International Committee on Taxonomy of Viruses (ICTV) and a significant number of species
proposals [2]. Orbiviruses are vector-borne pathogens, primarily transmitted by ticks and other
hematophagous insects (mosquitoes, Culicoides biting midges and sand flies). Their wide host range
includes wild and domestic ruminants, camelids, equids, humans, marsupials, bats, sloths and birds [1].
The most studied orbiviruses are the Culicoides-borne Bluetongue virus (BTV, type species), African horse
sickness virus (AHSV) and Epizootic hemorrhagic disease virus (EHDV), all known as important pathogens
of livestock and wildlife [3]. Some orbiviruses such as Tribeč virus, Kemerovo, Lebombo and Orungo
viruses have been detected in human infections and are considered human pathogens [4].

Orbiviral genomes consist of 10 linear segments of dsRNA designated by their decreasing
molecular weight. They encode seven structural proteins (VP1–VP7) and three to four nonstructural
proteins (NS1, NS2, NS3/NS3a and NS4) [1]. The high conservation degree of certain structural
core proteins (e.g., polymerase, major core and subcore proteins) recommends them for comparative
and phylogenetic analyses of different Orbivirus species [5,6]. In contrast, the proteins of the outer
capsid are highly variable and their specificity to the host’s neutralizing antibody response can be
used to distinguish between different serotypes of the same orbivirus species [7,8]. The phylogenetic
clustering of Orbivirus members results in clades indicating their putative or potential arthropod
vectors: Culicoides- or sand fly-borne (C/SBOV), mosquito-borne (MBOV) and tick-borne orbiviruses
(TBOV) [9]. One exception to this classification is St. Croix River virus (SCRV), a distant member of the
genus considered to be a “tick orbivirus” (TOV), having no known vector [5].

As one of Europe’s largest wetlands, the Danube Delta Biosphere Reserve (DDBR) located in the
southeast of Romania, is a very biodiverse and heterogeneous complex of ecosystems [10]. The region is
a major hub for bird migration along main African–Eurasian fly corridors, with ecoclimatic conditions
suitable for abundant and diverse populations of arthropod vectors [11–14], which may allow pathogen
import and maintenance [15–18].

During an arbovirus survey in DDBR, we identified a novel orbivirus in grass snakes (Natrix natrix
Linnaeus 1758), tentatively named Letea virus (LEAV) after the eponymous village from the study area.
The aims of this study were to characterize the genome of LEAV and its evolutionary relationship with
other members of the Orbivirus genus. This is the first report of reptiles as orbivirus hosts. The present
study expands our knowledge of orbivirus host range, ecology and the complete genomic data may
help understand the evolutionary relationship among species of the Orbivirus genus.

2. Materials and Methods

2.1. Snake Capture and Sampling

Clinical apparently healthy grass snakes (n = 190) and dice snakes (Natrix tessellata Laurenti 1768,
n = 63) were captured by hand along transects in several areas of DDBR from 2014 to 2017, as part
of an arbovirus survey (Figure 1, Table S1). A blood sample of ~1 mL was collected in a 2 mL sterile
Eppendorf tube from the caudal vein of adults and subadults from both species (total n = 253). After clot
formation and centrifugation for 2 min at 1000 rpm, the serum was carefully transferred to cryogenic
vials using a 100 µL pipette with sterile filter tips. Samples were frozen at −28 ◦C in the field, shipped
to the laboratory on dry ice and stored at −80 ◦C without interruption of the cold chain. All snakes
were released immediately after blood collection back into their habitats. The DDBR Administration
Authority issued research permits for all research activities (9/25.04.2014, 10692/ARBDD/25.04.2014;
7717/ARBDD/28.04.2016, 11/28.04.2016; 9/19.04.2017, 5627/ARBDD/13.04.2017).
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Figure 1. Satellite image of the study area (source: Esri) with sampling sites of grass and dice snakes
and arthropods in Danube Delta Biosphere Reserve (Romania) during the study period 2014–2017.
The various arthropod vectors were collected during 2014–2016 (mosquitoes), 2014–2017 (ticks) and
2017 (Culicoides midges).

2.2. Letea Virus Discovery and Genome Sequencing

The protocol used to perform metagenomic and metatranscriptomic on snake sera for virus
discovery has been previously described [19]. Briefly, 100 µL sera serum samples used for
deep-sequencing were filtered through a 0.45 µm filter (Millipore, Darmstadt, Germany) in order
to remove larger debris and some bacteria. The filtrates were treated with a mixture of nucleases
(Turbo DNase, Ambion, Carlsbad, CA, USA; Baseline-ZERO, Epicenter, Madison, WI, USA; Benzonase,
Novagen, San Diego, CA, USA; RNAse One, Promega, Fitchburg, WI, USA) to digest unprotected
nucleic acids including host DNA/RNA. Enriched viral particles were then subjected to RNA/DNA
extraction by using MagMAX™ Viral RNA Isolation Kit (Life Technologies, Carlsbad, California, USA)
according to the manufacturer’s instructions. After random RT-PCR amplification, the extracted
viral RNA and DNA were subjected for library preparation by using a QIAseq FX DNA Library
Kit (Qiagen, Hilden, Germany). Normalized samples were pooled and sequenced on a MiSeq or
NextSeq550 platform. The generated raw reads were first qualitatively checked with Phred quality
score <20 trimmed and filtered to remove polyclonal and low-quality reads (<55 bases long) using CLC
workbench (Qiagen, Hilden, Germany). The remaining filtered raw reads were de novo assembled
separately using Trinity v2.6.64239 and CLC workbench and compared with a nonredundant and viral
proteome database (NCBI) using BLASTx with an E-value cutoff of 0.001. The virus-like contigs and
singlets were further compared to all protein sequences in nonredundant protein databases with a
default E-value cutoff of 0.001. The viral metagenomics and metatranscriptomics output have been
visualized and analyzed in MEGAN [20].
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2.3. Genetic Characterization and Phylogenetic Analysis

Genome finishing, sequence assembly, and analysis were performed using Geneious v9.1.7.
(Biomatters, Auckland, New Zealand) (Table S2). Open reading frames (ORF) of the LEAV genome
were detected with Geneious v9.1.7 and ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/). Putative
functions of LEAV proteins were assigned by comparison to sequences in Genbank, using BLASTx.
Pairwise distances for nucleotide and amino acid sequences were calculated in Geneious v9.1.7
using MAFFT.

Evolutionary relationship of LEAV with representative members of the Orbivirus genus were
analyzed by inferring phylogenetic trees with amino acid and nucleotide ORF sequences of conserved
genes encoding the polymerase (VP1), the subcore shell protein T2 (VP2/VP3) and the major core surface
protein T13 (VP7) [5,6]. Nucleotide and amino acid sequences were aligned with MAFFT in Geneious
v9.1.5. Phylogenetic analyses were performed with the best-fit nucleotide and amino acid substitution
models selected by their lowest AIC (Akaike information criterion) or BIC (Bayesian information
criterion) scores using jModelTest v2.1.10 [21,22] and ProtTest v3.4.2 [22,23], respectively. Amino
acid phylogenetic trees were constructed using the maximum likelihood (ML) method in SeaView
v4 [24] with LG+I+G+F for T2 and T13 (VP7) and for VP1 with the LG+I+G substitution models.
The robustness of tree nodes was assessed by 500 bootstrap replicates. Nucleotide phylogenies were
constructed by ML (500 bootstrap replicates) and by Bayesian Inference using the Markov Chain Monte
Carlo (MCMC) method implemented in Beast v1.10.3 [25]. The output consisted of two combined
MCMC chains, each of 107 generations with sampling every 1000 steps and 20% burn-in. Figtree v1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/) was used for visualization of tree output files.

Nucleotide sequences of LEAV genes obtained in the present study were submitted to GenBank
and were assigned accession numbers MN873603–MN873692. The accession numbers of the other
orbivirus sequences used for phylogenetic analysis are listed in Table S3.

2.4. Detection of Gene Reassortment and Intragenic Recombination

In order to screen LEAV for potential gene reassortment, we assembled complete genomes by
segment concatenation and aligned them with MAFFT. Simplot v3.5.1 [26] was used to screen for
potential reassortment between LEAV genomes (n = 9) using a 90% cutoff value for tree permutation
across a given genomic segment.

For detection of intragenic recombination, we inspected individual gene alignments in the
Recombination Detection Program (RPD) package v4.95 and the tests therein (Bootscan, MaxChi,
Chimaera, SiScan, PhylPro, 3seq and GENECONV) [27]. These tests were performed with default
settings: a 200 bp window size and a Bonferroni correction of the p-value of 0.01. Recombination events
were further considered upon detection of significant signals from at least three methods (Table S4).

2.5. Screening of Potential LEAV Vectors

We retrospectively and concurrently analyzed arthropods collected within the same arbovirus
surveillance program at the respective sites in DDBR (Figure 1), with the scope to identify a potential
LEAV vector. In total, 18,093 Culicoides (16,829 unfed/gravid and 1264 engorged), 3973 engorged
mosquitoes and 469 ticks were screened for detection of LEAV RNA (Tables S5 and S6). The unfed/gravid
Culicoides (n = 16,829) and a part of the tick samples (n = 385) were screened using an RT-PCR assay.
The engorged dipterans (1264 Culicoides and 3973 mosquitoes) and the rest of the ticks (n = 84) were
subjected to metagenomic and metatranscriptomic analyses.

The collection, processing and nucleic acid extraction from engorged mosquitoes and biting midges
has been described in previous studies [14,28]. In the case of unfed/gravid Culicoides midges, insects
were pooled as 1–118 specimens with the rest of the process being the same as in the above-referenced
work. Ticks were collected from their hosts using fine tweezers and identified using morphological
keys [29,30]. For homogenization, ticks were placed into a sterile 2 mL Eppendorf tube individually
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or as pooled nymphs, according to host, site and date of collection (6–9 specimens). Two 5 mm
steel beads were added inside and the tube was then kept in liquid nitrogen for 1 min. The samples
were loaded into a Tissue Lyser (Qiagen, Hilden, Germany) and the frozen ticks were pulverized
at 50 Hz for 4 min. To each sample we added 0.6 mL of high-glucose (4.5 g/L) Dulbeco’s Modified
Eagle’s Medium (DMEM) (Sigma–Aldrich, St. Louis, USA) with L-glutamine, 12.5% head-inactivated
fetal bovine serum, 100 µg/mL streptomycin, 100 µg/mL penicillin and 100 µg/mL amphotericin B.
The final mix was homogenized using the TissueLyser at 50 Hz for 2 min and clarified by centrifugation
(10,000 rpm) for 2 min at 8 ◦C. Total RNA was extracted using the MagMax RNA/DNA Pathogen kit
on a KingFisher Flex Magnetic Particle Processor (ThermoFisher Scientific, USA), according to the
manufacturer’s instructions.

In order to detect the presence of LEAV in the reptile and arthropod samples, we designed a specific
primer pair, 234F: AGGCAAAACAGTAGGATCAG and 234R: GGGCTAAGTGGATCTGAAAC, which
amplifies a fragment of the outer capsid 2 protein (VP5). All PCR amplifications were performed in
10.8 µL consisting of 3 µL RNA, 4 µL reaction mix, 0.5 µL Mg2SO4 (0.25 µmol), 1 µL ddH2O, 1 µL of
each primer (10 pmol) and 0.3 µL EnzymMix. The reactions comprised a first reverse transcription
at 60 ◦C for 1 min, 50 ◦C for 45 min, 94 ◦C for 2 min, followed by 45 cycles of amplification at 94 ◦C
for 15 sec, 55 ◦C for 30 sec and 68 ◦C for 30 sec. Final extension was at 68 ◦C for 7 min. RT-PCR was
carried out using a Superscript III one-step RT-PCR kit (Invitrogen, Carlsbad CA, USA).

2.6. Isolation of LEAV

Sera samples from the LEAV RT-PCR positive snakes were used for attempted virus isolation
on C6/36 (Aedes albopictus), Vero E6 (African green monkey kidney), BHK-21 (baby hamster kidney)
and several reptile cell lines, including iguana heart cells (IgH-2, ATCC: CCL-108), Russell’s viper
heart cells (VH-2, ATCC: CCL-140), Terrapene heart cells (TH-1, ATCC: CCL-50) and checked for viral
cytopathic effect (CPE). Briefly, sera samples, undiluted and 1:10 diluted were inoculated onto the
above-mentioned cell lines and were observed daily for cytopathic effects (CPE). All cultures were
harvested 10 to 14 days later and subjected to the LEAV specific PCR test. This procedure was repeated
until passage 5.

3. Results

3.1. Detection and Genomic Analysis of LEAV

Of the 190 N. natrix sera, 15 specimens of N. natrix (7.89%) were found positive for LEAV RNA.
All samples collected from N. tessellata (n = 63) tested negative (Table S1), as did all arthropod samples
(ticks, mosquitoes and Culicoides) analyzed for the presence of LEAV RNA. Attempts to isolate the
LEAV strains in several cell line cultures of different vertebrate and insect origins were not successful.

We obtained all 10 genomic segments of LEAV and assembled a total of nine complete genomes.
BLASTx searches showed that the proteins encoded by LEAV genome match orbivirus homologs. Each
segment is monocistronic with the encoded protein spanning most of the positive strand. One exception
is segment-9, which additionally to VP6, contains a fourth nonstructural protein (NS4) on a smaller
(+2) ORF. All nine LEAV strains have a genome length of 19,983 nucleotides and a GC content of
34.6–34.9%. Gene sizes range from 4010 bp (VP1) to 751 bp (NS3) and their coding asignments are
homologous to BTV [1,31]. Descriptions of each LEAV gene with the closest relatives as retrieved by
the BLASTx are found in Table 1.
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Table 1. Characteristics of the dsRNA genome segments of LEAV (NN04LRO16).

Segment Protein Encoded Segment
Length (bp)

Segment ORF
(with Stop Codon)

Predicted
Protein (aa)

Predicted
Protein Mass

(kDa)

5’ UTR
(bp)

5’ Conserved
Terminus

3’ UTR
(bp)

3’ Conserved
Terminus %GC

Top Blastp
Results (ORF)%

Pairwise Identity,
Accession no.

1 RNA-dependent RNA
polymerase (VP1) 4010 3855 1284 147.84 44 5’-GUGAAAG 111 CAUUUAC-3’ 32.4% VP1 AHSV-5

55.4%, AKP19848

2

similar to outer shell
VP2 of BTV,

neutralization epitope
(OC1)

3060 2979 992 115.13 32 5’-GUAAUUA 49 UUGUUAC-3’ 31.8% VP2 BTV-5
25.6%, CAE51147

3 major subcore protein
(T2/VP3) 2851 2727 908 104.30 68 5’-GUAAAUG 56 GACUUAC-3’ 34.9%

VP3 LEBV
54.2%,

YP_009507713

4
minor core and

capping enzyme
(CaP/VP4)

2058 1941 646 75.50 51 5’-GUAAAAC 66 AAAGUAC-3’ 36.2% VP4 PALV
50.5%, QCU80098

5 tubules (TuP/NS1) 1960 1851 616 71.06 29 5’-GUAGAAG 80 GAUUUAC-3’ 37.0% NS1 AHSV-8
32.1%, AKP19783

6 outer capsid protein
(OC2/VP5) 1684 1605 534 60.03 41 5’-GUAAAAA 38 GAAUUAC-3’ 36.0% VP5 CGLV

48%, AGZ91957

7 major core surface
protein (T13/VP7) 1164 1053 350 39.30 46 5’-GUAUAAC 65 CACUUAC-3’ 37.7% VP7 WALV

46.2%, AIT55708

8
nonstructural protein,
viral inclusion bodies

(ViP/NS2)
1281 1107 368 41.04 85 5’-GUAAAUA 89 GACUUAC-3’ 36.8% NS2 CGLV

33.5%, ACZ91977

9

minor core protein,
helicase (Hel/VP6)

1164
936 311 34.71 61 5’-GUAAUGA 167 AGCGUAC-3’ 33.6% VP6 CGLV

32.1%, AGZ91984

nonstructural
protein (NS4) 246 81 10.03 - - - - 40.2% no results

10 nonstructural, virus
release (NS3) 751 603 200 21.62 111 5’-GUAAAAG 37 UCAUUAC-3’ 36.8% NS3 IFEV

35.8%, QBL15286

Total genome length 19,983
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Sequencing of LEAV untranslated regions (UTRs) revealed that the segments share seven conserved
nucleotides at both 3′ and 5′ termini. The first and last two nucleotides of all LEAV segments are
inverted complements (Table 1) and identical to those found in most orbiviruses [1].

Comparison of main LEAV protein sequences to homologs of representative orbiviruses (Table 2)
revealed identity values of 10–54% with Culicoides-/sand fly-borne orbiviruses (C/SBOV), 12–47%
with tick and tick-borne orbiviruses (TBOV), and 11–46% with mosquito-borne orbiviruses (MBOV).
The sequence identity between the polymerase (VP1) of LEAV and that of other orbiviruses was 33%
(SCRV) to 54% (C/SBOV), above the 30% threshold proposed by [5] for viruses within a single genus
of the Reoviridae family. Analysis of the VP3 protein indicated that it is the T2 protein forming the
subcore shell, homologous to the VP3 of BTV and of other C/SBOV [31]. Similarly to VP1, the T2 is
highly conserved and the level of identity relative to other orbiviruses ranged from 22% (SCRV) to 53%
(C/SBOV).

Table 2. Nucleotide (nt) and amino acid (aa) identities between LEAV and some representative
orbiviruses: Culicoides-borne (AHSV, African Horse Sickness virus; WALV, Wallal virus), sandfly-borne
(CGLV), mosquito-borne (PHSV, Peruvian horse sickness virus), tick-borne (CGV, Changuinola virus)
and tick orbivirus (SCRV, St. Croix River virus).

Segment Protein
AHSV CGLV WALV PHSV CGV SCRV

nt aa nt aa nt aa nt aa nt aa nt aa

1 VP1 (Pol) 58 54 58 53 60 54 56 46 50 47 42 33

2 VP2 (OC1) 30 15 31 10 33 11 31 11 19 NSI 21 NSI

3 VP3 (T2) 57 52 57 53 58 53 50 36 46 37 37 22

4 VP4 (CaP) 54 50 53 49 53 48 52 44 44 40 44 35

5 NS1 (TuP) 42 26 39 24 40 22 42 21 28 16 28 15

6 VP5 (OC2) 51 41 54 46 54 45 47 34 42 31 38 27

7 VP7 (T13) 52 41 52 42 53 45 41 22 37 25 32 18

8 NS2 (Vip) 42 27 45 30 45 25 34 17 34 21 25 12

9
VP6 (Hel) 36 22 38 26 37 24 43 24 33 20 24 14

NS4 32 NSI 30 11 40 NSI 27 NSI 21 NSI N/A

10 NS3 35 23 37 21 36 21 32 15 36 21 29 20

NSI: no significant identity, N/A: not applicable.

Segments 2 and 6 encode the outer capsid proteins VP2 and VP5 in LEAV (Table 1). VP2 is the most
variable protein of C/SBOV, located in the first line of contact with host cells and a major determinant of
virus serotype [31]. Significant levels of identity of the hypervariable VP2 were observed only between
LEAV and insect-borne orbiviruses (IBOV, 10–15%), while within the same group VP5 comparison
revealed values similar to T13 (Table 2).
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3.2. Phylogenetic Analysis

The orbivirus VP1, T2 and T13 proteins are used in phylogenetic studies and for classification of
Reoviridae members at both species and genus level [5,6]. LEAV was placed in the C/SBOV clade by all
phylogenetic analyses, consistent with the levels of sequence identity revealed by comparisons with
the other orbivirus proteins (Figure 2, Figure 3 and Figure S1).

The phylogenetic trees based on VP1 and T13 amino acid (Figure 2a,b) and nucleotide sequences
(Figure S1) displayed a clustering typical for the Orbivirus genus, with main clades indicative of their
arthropod vectors [9]. The three main branches are rooted by SCRV, an orbivirus isolated from tick
cells which is considered a tick-associated orbivirus (TOV) [5].

The subcore shell protein T2 is encoded by segment 3, coresponding to the VP3 protein of the
C/SBOV clade (Figure 2c). As in the VP1 and T13 phylogenies, LEAV is basal within this clade.
The main difference is that the T2 tree splits between two clades instead of three, having a clear
separation between the orbiviruses encoding T2 on segment-2 (MBOV, TBOV and SCRV (TOV)) and
those encoding T2 on segment-3 (C/SBOV).

Figure 2. Cont.
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Figure 2. Maximum likelihood phylogeny of the VP1 (a), T13 (VP7) (b) and T2 (c) orbivirus proteins
constructed using maximum likelihood inference and 100 bootstrap replicates.
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Bootstrap supports ≥80% are displayed at the nodes. Letea virus (LEAV) is indicated by the red triangle.
C/SBOV stands for Culicoides-/sand fly-borne orbiviruses: African Horse Sickness virus (AHSV),
Bluetongue virus (BTV), Changuinola virus (CGLV), Chuzan virus (CHUV), Epizootic hemorrhagic
disease virus (EHDV), Equine encephalosis virus (EEV), Eubenangee virus (EUBV), Ife virus (IFEV),
Japanaut virus (JAPV), Lebombo virus (LEBV), Mudjinabarry virus (MUDV), Orungo virus (ORUV),
Pata virus (PATAV), Tibet orbivirus (TIBOV), Wallal virus (WALV), Warrego virus (WARV); MBOV
stands for mosquito-borne orbiviruses: Corriparta virus (CORV), Mobuck virus (MOBV), Peruvian
horse sickness virus (PHSV), Sathuvachari virus (SVIV), Umatilla virus (UMAV), Yunnan orbivirus
(YOUV); TBOV stands for tick-borne orbiviruses: Bukakata virus (BUKV), Chenuda virus (CNUV),
Chobar Gorge virus (CGV), Fomede virus (FOMV), Great Island virus (GIV), Kemerovo virus (KEMV),
Lipovnik virus (LIPV), Tribeč virus (TRBV), Wad Medani virus (WMV); St. Croix River virus (SCRV).

Figure 3. Graphical representation of gene reassortment and intragenic recombination between LEAV
strains. Each colored circle represents a different LEAV strain. The 10 horizontal lines inside the circles
represent the 10 genomic segments. Solid lines indicate reassortments of genes between different
LEAV variants. Dashed arrows show the origins of gene fragments that have potentially been derived
through recombination.

3.3. Detection of Gene Reassortment and Intragenic Recombination

Putative reassortment events involving LEAV segments were detected by Simplot (Bootscan)
in eight of the nine LEAV genomes (Figure 3). Segment-7 (T13) was exchanged between NN23LRO17
and NN25LRO17, while the other instances indicated exchanges of segment-4 (VP4) and -9 (VP6)
(Figure 3 and Figure S2). Significant signals of recombination among LEAV genes (≥3 methods) were
found by RDP for segment-6 (VP5), segment-8 (NS2) and segment-9 (VP6) (Figure 3, Table S4).

4. Discussion

Reptiles are known as hosts of numerous viruses. However, limited or fragmentary evidence is
available regarding their role in arboviral cycles [32–37]. The present study investigated the possibility
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that natricine snakes harbor arboviruses by screening sera collected from sympatric populations of
grass snakes (N. natrix) and dice snakes (N. tessellata) from the Danube Delta Biosphere Reserve in
Romania. Thus, we described for the first time the discovery and genetic characterization of a novel
orbivirus species (Letea virus, LEAV) infecting reptiles.

Inclusion and demarcation of species within the Orbivirus genus considers several criteria, such as
sequence identity of segments encoding the polymerase (VP1) and major subcore shell protein T2, gene
reassortment between close strains, high levels of serological cross-reactivity against conserved antigens
like the T13 protein, conservation of UTR terminal nucleotides, range of hosts and vectors or the clinical
signs associated with orbivirus infection [1]. We propose that LEAV should be included in the Orbivirus
genus as a separate species, based on the comparative and phylogenetic analyses reported herein.
In addition to a typical orbivirus genomic architecture of 10 linear segments of dsRNA, the UTRs
of LEAV include conserved terminal sequences similar to other orbiviruses. The LEAV terminal
nucleotides are not conserved hexanucleotides as in the case of BTV or AHSV, but heptanucleotides
showing little variation among the 10 segments. Distal dinucleotides at both of the UTR ends are
inverted complements (Table 1), as shown in other orbiviruses [1,3,6,9,38–40].

The NS4 is a nonstructural protein found in some orbiviruses and the last one described to
date [41,42]. In LEAV, we found NS4 to be of similar size and position as in other C/SBOV [9,41,43],
showing also the lowest sequence identity among all compared orbiviral proteins (Table 2).

The amino acid identity observed in the polymerase is above the 30% threshold defined by [5,44]
for inclusion in the Orbivirus genus (Table 2). The protein sequence of LEAV T2 (VP3) showed identity
levels significantly lower than the 91% cutoff indicated for this protein [5], confirming that LEAV is a
distinct orbivirus species. Furthermore, the nine different LEAV strains belong to the same species, as
their T2 amino acid sequences are >98% identical. Additional taxonomical markers of orbiviruses are
the VP2 (outer capsid 1 in C/SBOV) and VP7 (T13) proteins, determining the serotype and serogroup,
respectively [45]. The core surface protein T13 forms the outer layer of the viral core and is the primary
antigenic constituent of virus serogroup (species) [31]. The low amino acid identity of LEAV T13
(Table 2) to other T13 proteins confirms that this virus belongs to a distinct serogroup. VP2 is encoded
on segment-2 in LEAV and functionally equivalent to VP3 of MBOV and VP4 of TBOV/TOV [46]. Due
to its neutralizing epitopes and role in cell attachment, the VP2 (OC1) protein is subjected to intense
selective pressures by the host’s immune responses. Thus, it is one of the most variable orbiviral
proteins [31]. Unsurprisingly, we found significant levels of identity for LEAV VP2 (10–15%) only in
comparison with IBOV proteins. Moreover, the high amino acid identity (>98%) found between VP2
of the nine LEAV strains showed that all sequences belong to the same LEAV serotype.

Previous studies noted that the overall GC content and the UTR proportion relative to the genome’s
length reflect three groups similar to those illustrated by phylogenetic analyses. First, the GC content
is highest in TBOV with 52–57.3% GC, followed by the C/SBOV with 39.9–45.9% GC and the MBOV
with 36.7–41.6% GC [6,9,39,43]. The GC content of LEAV is 34.6–34.9%, therefore below these intervals.
Second, the UTRs of C/SBOV span 3.5–4.1% of their total genome length, in TBOV the UTRs are
between ~4.5–5% and in MBOV ~5–5.7% of the virus genome [6,47,48]. Again, LEAV falls outside
these limits, having the proportion of UTRs at 6.64% of the genome’s length, which is higher than in
other orbiviruses.

Apart from the high mutation rate owing to a polymerase lacking proofreading activity,
reassortment of cognate genomic segments is an important driver of genetic diversity in viruses
with segmented RNA genomes [49]. This process can generate novel phenotypes with fundamental
implications for immune escape, host or vector range, virulence and pathogenicity [50–53]. The ability
to reassort genomic segments is a primary criterion for inclusion in the Reoviridae family [31] and
it may have contributed to the great evolutionary success of this family. Most natural cases of
orbivirus reassortment have been described in BTV studies, mostly due to its antigenic diversity,
wide geographic range, but also economic importance [54–58]. Additionally, reassortment has been
described in EHDV [59–62], CORV [63], CGLV [64] and Banna orbivirus (BAOV) [65]. We found that
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reassortment between LEAV strains involved segment-4 (VP4), segment-7 (T13) and segment-9 (VP6)
in eight of nine genomes analyzed. We speculate on another segment exchange where LEAV strain
NN28SUL16 received its segment-3 (T2) from an unidentified LEAV parental strain, due to the striking
sequence divergence of NN28SUL16 segment-3 within a highly similar (>98%) VP3 dataset (Figure 3
and Figure S3). When translated to protein sequence, the identity of this segment to the rest of the
LEAV homologs was ≥98.9%, confirming the necessity of its structural conservation.

Intragenic recombination between segments of LEAV was detected in the majority of LEAV strains
(Figure 3, Table S4). The effective contribution of each mechanism generating diversity in segmented
viruses is far from being understood. Against a backdrop of rapid mutation, the formation of mosaic
genes along with reassortment can have compounding effects on viral fitness. As in the case of sand
fly-borne Changuinola (CGLV) serogroup [63], the strain biodiversity could be an important factor
for the occurrence of RNA segment/fragment exchange in LEAV. This is indicated by detections of
reassortment and intragenic recombination in eight, respectively seven, of nine LEAV strains. This is
all the more clear for orbiviruses with great antigenic diversity like BTV [57,66,67] and AHSV [68], but
also for orthoreoviruses [69–71] and rotaviruses [72].

Despite field efforts parallel to sera collection and the significant LEAV prevalence in grass
snakes (7.89%), none of the screened arthropod pools or individuals tested positive for LEAV RNA.
Also, recent analyses of mosquito and Culicoides host-feeding patterns in DDBR did not indicate
ectothermic species as hosts of these insects (with very few exceptions provided by frogs fed upon
by mosquitoes) [18]. Reoviruses known to infect reptiles belong to the turreted group of the family
(subfamily Spinareovirinae, e.g., Reptilian orthoreovirus) and cause severe illness of digestive and
respiratory organs [73–76]. The grass snake and dice snake occur sympatrically across the study
area. In Dunărea Veche and Sulina we could observe some ecological features (bank structure, water
body type, prey, microhabitat usage) very similar to those described for other European populations,
indicating ecological partitioning in syntopic populations [77]. Although we encountered more
N. tessellata in the aforementioned sites, LEAV was not detected in the sera of this species. Infected
grass snakes showed no sign of disease. To our knowledge, this is the first report of orbivirus detection
in reptiles.

All attempts of growing and isolating LEAV on insect or vertebrate cell lines showed no cytopathic
effect or silent replication of the virus. Most known orbiviruses grow easily in vertebrate cells in vitro,
while a few are known to be restricted to insect cells [78,79]. Although LEAV isolation could be further
attempted on additional cell lines, we may speculate a shift in cell tropism underlying the inability of
LEAV to infect certain cell types. A similar case is Parry’s Lagoon virus (PLV), a serotype of CORV.
In contrast to the wide vertebrate host range of CORV [80], the antigenically related PLV showed a
distinct cell tropism and replicated only in insect cells [81]. With the available data we may speculate
that such shifts in cell tropism could be the result of successive changes through recombination, genetic
drift and shift. Reoviridae is a very successful family of segmented dsRNA viruses, having wide
host ranges across various econiches. The family’s repertoire of evolutionary strategies also includes
deletion [82,83], gene duplication and concatemerisation [9,84,85]. These strategies were also observed
previously in aquareoviruses [86], rotaviruses [87], phytoreoviruses [88] and even in a cross-family
heterologous recombinant virus containing reovirus genomic components [89]. This suggests an
increased potential for “species jumps” and adaptation to new vectors and/or hosts [81,86].

Earlier studies associated a conserved Arg-Gly-Asp (167RGD171) motif on the T13 protein of BTV
with the attachment to Culicoides cells [90,91]. This conserved motif was also found by later studies
in some species closely related to BTV [43,48,70], but we did not observed it in LEAV. As with other
orbivirus species, this may reflect the higher divergence relative to BTV. Although the phylogenetic
analyses indicate LEAV as a potentially Culicoides-borne orbivirus, it is interesting to note some general
inconsistencies in vector associations of IBOV (C/SBOV and MBOV). For example, phylogenetic
analyses place Orungo virus (ORUV), Lembombo virus (LEBV), Pata virus (PATAV) and Japanaut virus
(JAPV) in the C/SBOV clade, even though they were discovered in mosquitoes [1,92,93]. For ORUV,
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follow-up studies on mosquito transmission were inconclusive [93]. Interestingly, Tracambé virus
(TRV), a serotype of the sand fly-borne CGLV serogroup, was isolated from mosquitoes of the genus
Anopheles (Reoviridae.org). Some serotypes of C/SBOV have been isolated from both mosquitoes and
biting midges: Eubenangee virus (EUBV) [1,94], Palyam virus (PALV) [1,95], Warrego virus WARV [1],
Wongorr virus (WGRV) [1], and Tibet orbivirus (TIBOV) [48]. The associations between some viruses
and more than one vector family could be the result of “species jumps” permitted by fast evolution
characteristic of RNA segmented viruses. Such occurrences in members of the Orbivirus genus would
not necessarily run counter to the “coevolution” hypothesis [11,14,43,86], but possibly complement it.

In conclusion, a novel orbivirus (LEAV) was identified and characterized, expanding the known
host range of orbiviruses and revealing its genetic relationship to the Orbivirus genus. Phylogenetic
analysis indicates LEAV as a potentially Culicoides-borne orbivirus, although this was not confirmed
by the screening of Culicoides midges and other arthropods from the DDBR. LEAV failed to replicate
in vitro in several types of cells, which may warrant further attempts using additional cell types.
The discovery and characterization of LEAV offers valuable information, expanding our knowledge
about the evolution and host range of orbiviruses. The phylogenetic associations can justify further
screening of arthropods and continued surveillance in order to describe the natural cycle of LEAV and
its possible impact on vertebrate hosts.
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70. Naglič, T.; Rihtarič, D.; Hostnik, P.; Toplak, N.; Koren, S.; Kuhar, U.; Jamnikar-Ciglenečki, U.; Kutnjak, D.;
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human-pathogenic Orbiviruses. Virology 2012, 423, 68–76. [CrossRef]

83. Van Gennip, R.G.P.; Drolet, B.S.; Rozo Lopez, P.; Roost, A.J.C.; Boonstra, J.; Van Rijn, P.A. Vector competence
is strongly affected by a small deletion or point mutations in bluetongue virus. Parasit. Vectors 2019, 12, 470.
[CrossRef]

84. Anthony, S.J.; Maan, N.; Maan, S.; Sutton, G.; Attoui, H.; Mertens, P.P.C. Genetic and phylogenetic analysis of
the core proteins VP1, VP3, VP4, VP6 and VP7 of epizootic haemorrhagic disease virus (EHDV). Virus Res.
2009, 145, 187–199. [CrossRef]

85. Anthony, S.J.; Darpel, K.E.; Belaganahalli, M.N.; Maan, N.; Nomikou, K.; Sutton, G.; Attoui, H.; Maan, S.;
Mertens, P.P.C. RNA segment 9 exists as a duplex concatemer in an Australian strain of epizootic haemorrhagic
disease virus (EHDV): Genetic analysis and evidence for the presence of concatemers as a normal feature of
orbivirus replication. Virology 2011, 420, 164–171. [CrossRef]

86. Mohd Jaafar, F.; Goodwin, A.E.; Belhouchet, M.; Merry, G.; Fang, Q.; Cantaloube, J.F.; Biagini, P.; de Micco, P.;
Mertens, P.P.C.; Attoui, H. Complete characterisation of the American grass carp reovirus genome (genus
Aquareovirus: Family Reoviridae) reveals an evolutionary link between aquareoviruses and coltiviruses.
Virology 2008, 373, 310–321. [CrossRef] [PubMed]

87. Tian, Y.; Tarlow, O.; Ballard, A.; Desselberger, U.; McCrae, M.A. Genomic concatemerization/deletion in
rotaviruses: A new mechanism for generating rapid genetic change of potential epidemiological importance.
J. Virol. 1993, 67, 6625–6632. [CrossRef] [PubMed]

88. Murao, K.; Uyeda, I.; Ando, Y.; Kimura, I.; Cabauatan, P.Q.; Koganezawa, H. Genomic rearrangement in
genome segment 12 of rice dwarf phytoreovirus. Virology 1996, 216, 238–240. [CrossRef] [PubMed]

89. Huang, C.; Liu, W.J.; Xu, W.; Jin, T.; Zhao, Y.; Song, J.; Shi, Y.; Ji, W.; Jia, H.; Zhou, Y.; et al. A Bat-Derived
Putative Cross-Family Recombinant Coronavirus with a Reovirus Gene. PLoS Pathog. 2016, 12, e1005883.
[CrossRef] [PubMed]

90. Basak, A.K.; Gouet, P.; Grimes, J.; Roy, P.; Stuart, D. Crystal structure of the top domain of African horse
sickness virus VP7: Comparisons with bluetongue virus VP7. J. Virol. 1996, 70, 3797–3806. [CrossRef]

91. Tan, B.H.; Nason, E.; Staeuber, N.; Jiang, W.R.; Monastryrskaya, K.; Roy, P. RGD tripeptide of bluetongue
virus VP7 protein is responsible for core attachment to Culicoides cells. J. Virol. 2001, 75, 3937–3947. [CrossRef]

92. Tomori, O.; Fabiyi, A.; Murphy, F. Characterization of Orungo virus, an orbivirus from Uganda and Nigeria.
Arch. Virol. 1976, 51, 285–298. [CrossRef]

93. Tomori, O.; Aitken, T.H.G. Orungo Virus: Transmission Studies with Aedes Albopictus and Aedes Aegypti
(Diptera: Culicidae)1. J. Med. Entomol. 1978, 14, 523–526.

94. Mellor, P.S.; Jennings, M. Replication of Eubenangee virus in Culicoides nubeculosus (Mg.) and Culicoides
variipennis (Coq.). Arch. Virol. 1980, 63, 203–208. [CrossRef]

95. Ebersohn, K.; Coetzee, P.; Snyman, L.P.; Swanepoel, R.; Venter, E.H. Phylogenetic characterization of the
Palyam serogroup orbiviruses. Viruses 2019, 11, 446. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



Figure S1: Protein sequence alignment of orthonairovirus nucleocapsid. Green arrows represent the predicted stalk region. Nucleic acid binding sites are annotated with yellow boxes

Figure S2: Protein sequence alignment of orthonairovirus nucleocapsid’s domain with predicted endonuclease activity. Nucleic acid binding sites are annotated with yellow boxes



Figure S3: Protein sequence alignment of orthonairovirus Gn. Turquoise arrows represent predicted zinc fingers. 

Figure S4-1: Protein alignment of orthonairovirus RdRp: conserved region III (N-terminal). 



Figure S4-2: Protein alignment of orthonairovirus RdRp: conserved region III (middle) - premotif A and motif A

Figure S4-3: Protein alignment of orthonairovirus RdRp: conserved region III (C-terminal) -  motifs B-E



 
 
 

Figure S5: Protein alignment of orthonairovirus RdRp: ovarian tumor (OTU)-like protease domain



Figure S6a: Bayesian phylogenetic tree based on L protein sequences of orthonairovirus 
representatives and Sulina virus (in red). The tree was inferred using the LG+I+G+F 
substitution model and scale bar indicates substitutions per site. 
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Figure S6b: Bayesian phylogenetic tree based on M protein sequences of orthonairovirus 
representatives and Sulina virus (in red). The tree was inferred using the LG+I+G 
substitution model and scale bar indicates substitutions per site. 
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Figure S6c: Bayesian phylogenetic tree based on S protein sequences of orthonairovirus 
representatives and Sulina virus (in red). The tree was inferred using the LG+I+G 
substitution model and scale bar indicates substitutions per site. 



Table S1. Overview of ticks (2014-2017)  and dog blood samples (2016) analysed by ELISA for detection of Sulina virus antibodies

species / n Canis lupus familiaris Felis catus Erinaceus europaeus Lacerta agilis

Rhipicephalus sanguineus s.l. 115 105 6 4 -

Rhipicephalus rossicus 85 82 - 3 -

Rhipicephalus annulatus 0 0 - - -

Ixodes ricinus 19 0 - - 19

Hyalomma marginatum 10 10 - - -

Dermacentor reticulatus 1 1 - - -

unidentified nymphae 19 19 - - -

total ticks, 2014 249 217 6 7 19

species / n Canis lupus familiaris Felis catus Equus caballus

Rhipicephalus sanguineus s.l. 341 339 1 1

Rhipicephalus rossicus 157 157 - -

Dermacentor reticulatus 4 4 - -

total ticks, 2015 502 500 1 1



species / n
Canis lupus 
familiaris

Equus 
caballus

Erinaceus 
europaeus

Bos 
taurus

Homo 
sapiens

Acrocephalus 
palustris

Ficedula 
albicolis

Iduna 
pallida

Ixobricus 
minutus

Lanius 
collurio

Phoenicurus 
phoenicurus

Saxicola 
rubetra

Sturnus 
vulgaris

Sylvia 
atricapilla

Sylvia 
communis

Sylvia 
curuca

Turdus 
merula

Rhipicephalus sanguineus s.l. 136 132 - - 3 1 - - - - - - - - - - - -

Rhipicephalus rossicus 95 95 - - - - - - - - - - - - - - - -

Rhipicephalus sp. 1 - - - - - - - - - - - - - 1 - - -

Rhipicephalus annulatus 66 - 3 - 63 - - - - - - - - - - - - -

Ixodes ricinus 52 48 - - 1 1 - - - - - - - 1 - 1 - -

Hyalomma marginatum 17 - - - - - 2 1 1 2 2 1 1 - 1 4 1 1

Dermacentor reticulatus 8 7 - - - 1 - - - - - - - - - - - -

total ticks, 2016 375 282 3 0 67 3 2 1 1 2 2 1 1 1 2 5 1 1

species / n Canis lupus familiaris Bos taurus Lacerta agilis

Rhipicephalus sanguineus s.l. 67 56 11 -

Rhipicephalus rossicus 83 83 - -

Rhipicephalus annulatus 3 - 3 -

Ixodes ricinus 21 - 5 16

Hyalomma marginatum 2 - 2 -

Dermacentor reticulatus 1 1 - -

Dermacentor marginatus 2 2 - -

total ticks, 2017 179 142 21 16

Blood samples collected from domestic dogs (2016)

Collection site n %

Sulina 15 38.5

Letea 13 33.5

Dunărea Veche 7 17.9

Lake Roșuleleț 2 5.1

Sfiștofca 2 5.1

total blood samples 39 100



Table S2: GenBank accession numbers of orthonairovirus sequences used for phylogenetic analyses

Species Virus S segment M segment L segment

Artashat orthonairovirus Artashat virus (ARTSV) AKC89354 YP_009666121 AKC89352

Chim orthonairovirus Chim virus (CHIMV) YP_009666114 YP_009666115 YP_009666113

CCHF orthonairovirus CCHFV ABB30040 ABB30026 ABB30024

Dera Ghazi Khan orthonairovirus Abu Hammad virus (AHV) AMT75373 AMT75372 AMT75371

Abu Mina virus (AMV) AMT75376 AMT75375 AMT75374

Dera Ghazi Khan virus (DGKV) AMT75391 AMT75390  AMT75389

Saphire II virus (SAPV) AMT75424 AMT75423 AMT75422

Dugbe orthonairovirus Dugbe virus (DUGV) AAL73397 AMT75393 NP_690576

Kupe virus (KUPEV) ABY82500 ABY82501 ABY82502 

Estero Real orthonairovirus Estero Real virus (ERV) AXP33557 AXP33569 AXP33563

Hazara orthonairovirus Hazara virus (HAZV) YP_009507852 YP_009507851 YP_009507850

Tofla virus (TFLV) YP_009227120 YP_009227121 YP_009227122

Hughes orthonairovirus Hughes virus (HUGV) AMT75409 AMT75408 AMT75407

Soldado virus (SOLV) AMT75427 AMT75426 AMT75425

Kasokero orthonairovirus Kasokero virus (KASV = KASOV) YP_009246487 YP_009246488 YP_009449567

Leopards Hill virus (LPHV) YP_009111286 BAP90969 BAP90968

Yogue virus (YOGV) YP_009246491 YP_009246490 YP_009246486

Keterah orthonairovirus Issyk-kul virus (ISKV) ALD84348 ALD84347 ALD84346

Keterah virus (KTRV) YP_009361834 YP_009361833 YP_009361838

Uzun-Agach virus (UZAV) AKC89315 AKC89314 AKC89313

Nairobi sheep disease orthonairovirus Nairobi sheep disease virus (NSDV) AED88237 YP_009361837 YP_009361832

Qalyub orthonairovirus Bandia virus (BDAV) AMT75385 AMT75384 AMT75383

Geran virus (GERV) AKC89342 AKC89341 AKC89340

Qalyub virus (QYBV) AMT75415 AMT75414 AMT75413

Sakhalin orthonairovirus Sakhalin virus (SAKV) AMT75421 AKC89335 AMT75419

Taggert virus (TAGV) AMR73397 AMT75429 AMR73395

Tillamook virus (TILLV) AMT75433 AMT75432 AMT75431

Tamdy orthonairovirus Tǎchéng tick virus 1 (TcTV-1) QEI22773 QEI22769 QEI22765

Tamdy virus (TAMV) QFU19354 QFU19353 QFU19352

Wēnzhōu tick virus (WzTV) YP_009304991 YP_009304990 YP_009304993

Thiafora orthonairovirus Erve virus (ERVEV) AFH89034 AFH89033 AFH89032

Thiafora orthonairovirus (TFAV) ALD84357 ALD84356 YP_009513191

Pacific coast tick nairovirus (PCTN) ARF07705 ARF07703 ARF07704

Spider shaspivirus Shāyáng spider virus 1 (SySV-1) YP_009300679 AJG39282 YP_009300680
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