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Ticks are involved in the transmission of various pathogens and several tick-borne diseases cause significant problems for the health of humans and livestock. The members of the Quaranjavirus genus are mainly associated with argas ticks but recent studies demonstrated the presence of novel quaranjaviruses-like in ixodid ticks. In 2020, 169 Rhipicephalus sanguineus ticks were collected in Southern Romania from small ruminants and analyzed by high-throughput transcriptome sequencing. Among the viral families that infect Romanian ticks, we have identified sequences from Phenuiviridae (Brown dog tick phlebovirus 1 [BDTPV1] and Brown dog tick phlebovirus 2 [BDTPV2]) and Chuviridae families (Cataloi mivirus [CTMV]), and numerous sequences from a new quaranjavirus-like, tentatively named Cataloi tick quaranjavirus (CTQV). Phylogenetic analyses performed on the five segments show that CTQV is phylogenetically positioned within a clade that encompasses Ixodidae-borne viruses associated with iguanas, small ruminants, seabirds, and penguins distributed across different geographical areas. Furthermore, CTQV is positioned differently depending on the segment considered. This is the first report on the detection of a quaranjavirus-like in Eastern Europe. Further investigations are needed to discern its infectivity and pathogenicity against vertebrates.
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INTRODUCTION

Ticks are major hematophagous arthropod vectors that harbor multiple pathogens for humans and animals. These pathogens are often vectored by specific tick species and therefore often restricted to geographical areas coinciding with the distribution of the arthropod. Such pathogens of medical importance include Crimean-Congo hemorrhagic fever virus (CCHFV) (1), Kyasanur Forest disease virus (KFDV) (2), tick-borne encephalitis virus (TBEV) (3), severe fever with thrombocytopenia syndrome virus (SFTSV) (3), Alkhurma virus (ALKV) (3, 4), and Heartland virus (HRTV) (5). Similarly, several tick-borne viruses also have threaten the health of livestock: these include the Africa swine fever virus (ASFV), the Nairobi sheep disease virus (NSDV), and the Louping ill virus (LIV), among others (6).

Moreover, the importation of animals from other areas and migratory birds enlarge the distribution of ticks, leading to exposure of new populations in remote areas (7). Romania is one of the most biogeographically diverse countries in Europe, with suitable conditions for the establishment of tick-borne virus foci, especially in the Southern half of the country that comprises the Danube Delta. Danube Delta constitutes a major hub for bird migration from Africa and Asia (8), leading to a high risk of the introduction of animal pathogens, such as zoonotic and vectored agents.

Despite previous reports that indicate that recently described tick-borne disease-causing agents (Tacheng tick virus 2, Jingmenvirus) and novel viruses that belong to viral families encompassing tick-borne arboviruses (Nayun tick nairovirus, Bole tick virus 4, and Sulina virus) circulate in the region (9, 10), the virome of ticks remains understudied in this area.

Taking advantage of the rapid development of next-generation sequencing (NGS) methods, many novel viral sequences have been identified in ticks of different species that are distributed in different regions of the world (11–17). For example, sequences that belong to new quaranjaviruses-like were identified in Amblyomma dissimile (18), removed from wild animals, Ixodes uriae (19) in the Arctic or in Haemaphysalis hystricis ticks that were collected in Japan (20). The quaranjaviruses belonging to this clade are distributed in various biotopes around the world, suggesting that there may still be many tick-borne orthomyxoviruses to be identified. Similarly, in the Phenuiviridae family, two novel phleboviruses named Brown dog tick phlebovirus 1 (BDTPV1) and Brown dog tick phlebovirus 2 (BDTPV2) (21) that present similarity in both the L and S segments to known phleboviruses but with an apparent lack of M segment coding for the glycoproteins (22) were detected. Since these viruses have so far been found only in ticks, their ability to infect vertebrates remains unknown. In complement to these viral families known to contain tick-borne viruses, novel families were recently identified. It is the case of the Chuviridae family, composed of ssRNA negative-strand viruses (23) associated with Dermacentor sp., Haemaphysalis sp. (24), and Rhipicephalus sanguineus or Rhipicephalus microplus ticks from French Antilles (25), Thailand (16), China, Brazil (26), and Trinidad and Tobago (18). To date, these miviruses have been predominantly identified in arthropods.

The aim of this work was to identify viruses associated with R. sanguineus ticks that were collected in Southern Romania from small ruminants, for a more comprehensive understanding of the viruses circulating in ticks and the potential risk for ruminants and humans living in the area.



MATERIALS AND METHODS


Tick Collection

A total of 169 semi-engorged and engorged ticks were collected in Cataloi village (45°5′42″N 28°43′53″E), Tulcea County (Southern Romania) in October 2020 from the body-surface of adult sheep. This area represents a site located near the Danube Delta where ground-feeding migratory birds and small ruminants are abundant and in which agricultural practices and breeding could result in possible tick transfer from birds to mammals, such as humans. In short, living ticks from individual animals were placed into sterile tubes (all ticks removed from one animal in a single tube) and stored at 4 °C during transport. On arrival at the laboratory, ticks were morphologically identified at the genus level under a stereomicroscope using standard morphological key (27) and washed with ethanol 70% to remove external contaminants; each tick was cut lengthwise using sterile scalpels on an ice-cold surface Petri dish. Half was used for NGS analysis and the remainder was stored at −80°C for further virus isolation. To maintain the integrity of RNA, half-ticks to be sequenced were introduced in RNA later solution (Invitrogen, USA), according to best security practices of storing and transport. Samples were transferred to Institut Pasteur (Paris, France) for further processing.



Nucleic Acid Extraction and Library Preparation

RNA extractions were conducted in a Biosafety Level 3 (BSL-3) laboratory. Ticks were pooled that resulted in a total of 14 pools (9 up to 16 ticks /pool). Total RNA was extracted from crushed materials using TRIzol Reagent (Invitrogen) and RNeasy mini kit (Qiagen) according to the recommendations of the manufacturers. The 14 pools of tick extracts were then combined to form one NGS library using NEBNext Ultra II DNA Library Prep Kit (New England Biolabs, EVRY, France) for Illumina, according to the manufacturer's instructions. NGS library was validated using an Agilent Bioanalyzer, quantified with a Qubit 2.0 Fluorometer (Invitrogen, USA) and sequencing was carried out on an Illumina NextSeq 500 Sequencer in a single-read 1 × 150 bp format to achieve approximately 65 million reads.



Determination of Tick Species

To determine the species (and not only the genus) of ticks analyzed, we took advantage of the concomitant sequencing of tick transcriptome and used the Barcode of Life Data Systems (BOLD). Briefly, all trimmed reads were mapped onto the Ixodidae BOLD database, de novo assembled after extraction of mapped reads, and submitted to the BOLD Identification System. The identification was confirmed by BlastN. All ticks analyzed in this study were identified as R. sanguineus. In addition, to confirm these results, a nested PCR using cytochrome oxidase I (COI) universal primers was performed and sequenced by Sanger sequencing. Results confirmed the presence of R. sanguineus ticks in all the tick pools.



Virus Assignation

As described previously (9), raw reads were processed with an in-house bioinformatics pipeline that comprises quality check and trimming, read normalization and assembly, open reading frames (ORFs) prediction, and taxonomic assignation of contigs and singletons using three successive specialized (RVDB-prot) (28) and generalist (NCBI/nr and NCBI/nt) databases.



PCR Detection and Search for Endogenous Viral Elements (EVEs) of Relevant Viruses

The presence of viral RNA for CTQV, BDTPV1, BDTPV2, and Cataloi mivirus (CTMV) was confirmed by reverse transcription polymerase chain reaction (RT-PCR) for all the 14 tick pools using primers designed from the NGS sequences. Positive PCR products were purified with NucleoSpin Gel and PCR Clean-Up (Macherey-Nagel Germany) and sequenced by Sanger sequencing on the Eurofins Segenic Cologne platform. In order to explore the potential presence of integrated viral sequences into tick genomes for relevant viral species identified by NGS, tick samples were also screened by PCR by omitting the reverse transcription step.




RESULTS

The taxonomic assignation revealed that 17% of total sequences were assigned to viruses. Three viral families were identified: Phenuiviridae (41%), Chuviridae (36%), and Orthomyxoviridae (22%).


Phenuiviridae- and Chuviridae-Related Viruses

The unique known viral genus among the Phenuiviridae family that is able to infect vertebrates, such as humans and domestic animals, is the Phlebovirus genus. The reads belonging to the Phenuiviridae family identified in our study were represented by BDTPV1 and BDTPV2, all negative sense bi-segmented single-stranded RNA (ssRNA) viruses that missed the M segment coding for the viral glycoprotein. The RNA-dependent RNA polymerase (RdRp) of Romanian BDTPV2 showed an amino-acid identity of 96.33% with its closest tick-borne Caribbean isolate relative (QDW81040 and QDW81041) while the nucleoprotein (NP) presented a lower amino-acid identity (93.88%). Romanian BDTPV2 presented a horizontal coverage of 99.57% for the L segment and 93.91% for the S segment (Table 1). Romanian BDTPV1 presented a horizontal coverage of 98.62% (L segment) and 93.87% (S segment) and amino-acid identity ranged from 96.79% (RdRp) to 92.55% (NP) with its closest relative BDTPV1 that is identified in Trinidad and Tobago (QDW81038 and QDW81039; Table 1).


Table 1. Viral sequences identified in ticks from South-Eastern Romania by high-throughput sequencing.
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Phylogenetic analysis performed on the amino-acid sequences placed Romanian phleboviruses within the Uukuvirus genus. Romanian BDTPV2 was clustered in a clade encompassing tick-borne isolates from Trinidad and Tobago. Romanian BDTPV2 was clustered in a highly supported distinct clade (posterior probability of 1), different from other strains also originating from Southern Romania (the same region as in the present study), suggesting the presence of two different strains of BDTPV2 in the same area and a possible geographical and/or host specificity of these viruses. Romanian BDTPV2 was placed within a clade apparently restricted to tick phleboviruses that were primarily identified in Rhipicephalus (bursa or sanguineus) ticks (Figure 1). Phylogenetic analysis placed Romanian BDTPV1 in a clade that includes a tick-borne Caribbean isolate identified in R. sanguineus, showing a possible host specificity for this virus (Figure 1). The presence of viral RNA for BDTPV1 and BDTPV2 was confirmed by RT-PCR and all tick pools screened for the presence of EVEs were negative confirming that these sequences were not endogenous to the ticks.


[image: Figure 1]
FIGURE 1. Phylogenetic relationship of nucleoprotein and RNA-dependent RNA polymerase of BDTPV1 and BDTPV2 identified in Romanian Rhipicephalus ticks with other viruses among the Phlebovirus genus.


Sequences that belong to Chuviridae family were also identified. Chuviridae is a recently recognized viral family among the Jingchuvirales that was primarily assigned to the Mononegavirales order, infecting a wide variety of invertebrate hosts, i.e., Crustacea, Nematoda, Insecta, Myriapoda, Arachnida, and Ixodida. Both Argasidae (Argas mivirus) and Ixodidae ticks are infected by tick-borne chuviruses (e.g., Brown dog tick mivirus, Bole mivirus, Changping mivirus, Lonestar mivirus, Suffolk mivirus, and Wuhan mivirus). The complete genome of CTMV identified in the present study comprised three ORFs: the first ORF codes for a large protein of 2,156 amino-acid corresponding to the RdRp of the virus; ORF2 codes for the putative glycoprotein of 683 amino-acid, and ORF3 codes for the NP of 527 amino-acid. CTMV showed an amino-acid identity ranging from 83% for the NP to 94% for the polymerase with its closest tick-borne Chinese isolate identified in R. turanicus (QYW06785, QYW06786, and QYW06787; Table 1) and a genome coverage of 100%. Phylogenetic analysis performed on the polymerase amino-acid sequences placed CTMV in a specific clade comprising Rhipicephalus sp. ticks isolates originating from China, Trinidad and Tobago, and Thailand, suggesting that these miviruses may present a possible specialization to their tick vector (Figure 2). The presence of viral RNA for CTMV was confirmed by RT-PCR and all tick pools screened for the presence of EVE were negative, confirming that these sequences were not endogenous to the ticks.
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FIGURE 2. Phylogenetic relationship of RNA-dependent RNA polymerase of Cataloi mivirus (CTMV) identified in Romanian Rhipicephalus ticks with other viruses among the Chuviridae family.




Orthomyxoviridae Family

The Orthomyxoviridae family is composed of seven genera: types A, B, C, and D Influenza virus, Isavirus, Thogotovirus, and Quaranjavirus. Viruses in this family infect a broad range of hosts, such as humans, birds, swine, fish, and arthropods (29).

As results of RNA virome analysis, 633,626 reads (22% of all viral reads) were classified within the Orthomyxoviridae family. Sequences of a novel quaranjavirus, tentatively named CTQV, were identified in engorged Rhipicephalus sp. ticks that were collected on small ruminants, in Southern Romania. CTQV sequences comprise five segments with homology to known quaranjaviruses: the NP, the hemagglutinin (HA), and three polymerase subunits (PB1, PB2, and PA).

Within the HA, PA, PB2, and NP segments, CTQV was most similar to Granville quaranjavirus (GQV), a novel quaranjavirus identified in A. dissimile ticks removed from iguanas, from Trinidad and Tobago (UAJ23567, UAJ23568, UAJ23569, and UAJ23565). CTQV presented a horizontal genome coverage ranging from 57 to 100%, depending on the segment (Table 1). CTQV differed from its Caribbean counterpart by presenting between 58 and 70% amino-acid identity, depending on the protein considered, indicating that the virus detected in this study is probably a new member of the Quaranjavirus genus or a related group. In contrast with other segments that were similar to GQV, PB1 protein (considered the most conserved of the orthomyxovirus genes) shared 89% amino-acids identity to Zambezi tick virus 1 (ZaTV-1), a highly divergent quaranjavirus identified in Rhipicephalus ticks from Mozambique (AWU49720). Unfortunately, additional segments for ZaTV-1 were not available for analysis. The presence of viral RNA for CTQV was confirmed by RT-PCR and all tick pools screened for the presence of EVE were negative.

Phylogenetic analyses performed on the five segments show that CTQV that is positioned differently depends on the segment. Generally, CTQV was clustered with quaranjaviruses and related viruses, which are distributed across different geographical areas. Within the PA, PB2, HA, and NP proteins, CTQV formed a separate branch, being placed in a clade with other recently tick-borne quaranjaviruses identified in ixodid ticks from Caribe (Granville virus) and Japan (Ohshima virus) while CTQV was phylogenetically close to ZaTV-1 in PB1 protein (Figure 3 and Supplementary Figure S1). Unfortunately, isolation attempts of CTQV that were performed on VeroE6 cells and embryonated chicken eggs inoculated with CTQV positive pools of ticks were unsuccessful. The presence of each viral segment of CTQV was confirmed by RT-PCR. However, these segments could derive from multiple viral strains that were carried by different individual ticks, given the fact that ticks were pooled before extraction. All tick pools screened for the presence of EVE were negative.
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FIGURE 3. Phylogenetic analysis of Cataloi tick quaranjavirus (CTQV), PB1, PB2, PA, NP, and HA proteins with other viruses in the Orthomyxoviridae family. In light blue: Ixodidae-associated quaranjaviruses; in dark blue: Argasidae-associated quaranjaviruses, in pink: vertebrates associated quaranjaviruses.





DISCUSSION

In this study, we performed a viral meta-transcriptomic analysis to identify viruses that are associated with Ixodidae ticks, collected in the Southern half of Romania that comprised the Danube Delta Biosphere Reserve (DDBR), the second largest wetland in Europe. Despite the fact that DDBR is a very rich area in terms of diversity, the surveillance of tick-associated viruses is limited. Identifying a list of viruses at higher risk of emergence requires first the characterization of the ecological cycle of the virus that includes its putative reservoir hosts, hematophagous arthropod vectors (in the case of arboviruses), and vertebrate recipient hosts (30). There are few studies regarding the presence of quaranjaviruses in hard ticks worldwide and little is known about the molecular pathogenesis of these viruses.

To our knowledge, this is the first report on the detection of a quaranjavirus-like virus that is associated with ixodid ticks in the Eastern Europe region. Quaranjavirus genus (Orthomyxoviridae family) is a group of negative-sense segmented viruses, with a single-stranded genome and which generally is divided into six segments (polymerase acidic protein-PA, polymerase basic protein 1-PB1, polymerase basic protein 2-PB2, hemagglutinin protein-HA, nucleocapsid protein-NP, and matrix protein-M). The genus Quaranjavirus contains two virus species recognized by International Committee on Taxonomy of Viruses (ICTV): Johnston Atoll (JAV) virus and Quaranfil virus (QRFV), known to be transmitted to birds mainly by argasid ticks. Several strains of QRFV have been isolated from ticks and seabirds in Egypt (31), South Africa (32), Afghanistan, Nigeria (33), Kuwait, Iraq, Yemen (34), and Iran (35). Quaranfil quaranjavirus is the only member of the genus that has been shown to infect humans. It was isolated from soft ticks and from the blood of children with mild febrile illness in Quaranfil, Egypt (36). Furthermore, additional quaranjavirus-like viruses have been isolated from argasid ticks (37, 38) and their vertebrate hosts (Araguari virus from mammals and Wellfleet Bay virus from birds) (39, 40).

More recent studies have also identified quaranjavirus-like sequences in hard ticks, for example, sequences of a novel quaranjavirus, tentatively named GQV, were identified in A. dissimile ticks that were removed from iguanas (18). Related viruses have been reported in Rhipicephalus sp. ticks from Mozambique (41), in H. hystricis from Japan (20), and in I. uriae ticks from Sweden (19). Since these viruses have so far been found only in ticks, their ability to infect vertebrates remains unknown.

In our study, CTQV was found in engorged Rhipicephalus sp., a three-host tick that can infest a wide range of domestic and wild hosts, such as cats, rodents, birds, cattle, horses, goats, and humans (42–44). CTQV is phylogenetically positioned within a clade apparently restricted to Ixodidae and distinct from argas-related quaranjaviruses. This apparent high diversity of vertebrate hosts (iguanas, small ruminants, and seabirds) suggests that CTQV and other Ixodidae-associated quaranjaviruses probably harbor a tick specificity, independently of the hosts on which ticks feed (Supplementary Figure S2). The ability of ixodid-associated quaranjaviruses to replicate in their vertebrate hosts remains to be elucidated. Similarly, CTQV detected in Eastern Romania was clustered in a clade with other viruses that were originated from different geographical biotopes, such as Trinidad and Tobago, Mozambique, and Sweden, indicating that no geographical specificity shapes the evolution history of these viruses and reinforcing the hypothesis about the vector specificity of these viruses.

Viruses in the Orthomyxoviridae family have the genetic ability to undergo reassortment of the genome segments within a given genus. Phylogenetic analysis performed on the five segments showed that CTQV was positioned differently depending on the segment, suggesting a possible reassortment at the origin of CTQV. However, the lack of a complete genome for ZaTV-1 may result in a biased reassortment analysis for CTQV.

To conclude, we performed a viral meta-transcriptomic analysis of R. sanguineus ticks that were collected in the Danube Delta region from Southern Romania to identify known or novel viruses. We detected viral sequences phylogenetically close to known Phenuiviridae and Chuviridae members (BDTP 1 and 2, and Hebei mivirus 1, respectively). In addition, a novel quaranjavirus-like restricted to hard ticks and distinct from argas-related quaranjaviruses was identified. This study constitutes the first step toward a more comprehensive overview of the quaranjaviruses diversity in ixodid ticks and increases the knowledge of the diversity of viruses carried by ticks from Eastern Europe. Future studies are required to establish the pathogenic potential of CTQV and other viruses for animals and humans.
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NCBI coverage identity
Rhipicephalus sp.  Bunyavirales  Phenuiviridae Phlebovirus Brown dog tick QDW81040 9957%  96.33% (RdRp)
phlevovirus 2 QDW81041 93.91% 93.88% (NP)
Brown dog tick QDW81038 98.62%  96.79% (RdRp)
phlevovirus 1 QDW81039 93.87% 92.55% (NP)
Jingchuvireles  Chuivirdae Mivirus Hebei mivirus 1 QYW06785 100% 94% (RdRp)
QYW06786 93% (GP)
Qvwos787 83% (NP)
Articulavirales  Orthomyxoviridae  Quaranjavirus  Granille quaranjavirus. UAJ23567 100% 64.8% (HA)
(HA/PA/PB1/PB2/NP) UAJ23568 100% 66.7% (PA)
UAJ23569 100% 70% (PB2)
UAJ23565 57% 58% (NP)

Zambezi tick virus 1 AWU49720 100% 89.3% (PB1)
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