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Introduction: We evaluated metagenomic nanopore sequencing (NS) in field-collected ticks and compared findings from amplification-based assays.

Methods: Forty tick pools collected in Anatolia, Turkey and screened by broad-range or nested polymerase chain reaction (PCR) for Crimean-Congo Hemorrhagic Fever Virus (CCHFV) and Jingmen tick virus (JMTV) were subjected to NS using a standard, cDNA-based metagenome approach.

Results: Eleven viruses from seven genera/species were identified. Miviruses Bole tick virus 3 and Xinjiang mivirus 1 were detected in 82.5 and 2.5% of the pools, respectively. Tick phleboviruses were present in 60% of the pools, with four distinct viral variants. JMTV was identified in 60% of the pools, where only 22.5% were PCR-positive. CCHFV sequences characterized as Aigai virus were detected in 50%, where only 15% were detected by PCR. NS produced a statistically significant increase in detection of these viruses. No correlation of total virus, specific virus, or targeted segment read counts was observed between PCR-positive and PCR-negative samples. NS further enabled the initial description of Quaranjavirus sequences in ticks, where human and avian pathogenicity of particular isolates had been previously documented.

Discussion: NS was observed to surpass broad-range and nested amplification in detection and to generate sufficient genome-wide data for investigating virus diversity. It can be employed for monitoring pathogens in tick vectors or human/animal clinical samples in hot-spot regions for examining zoonotic spillover.
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1. Introduction

Genomic identification of microbial pathogens has established a substantial role in the diagnosis and monitoring of infectious diseases within the One Health concept (Trinh et al., 2018). Metagenomic investigations, facilitated by the widespread use of next-generation sequencing (NGS), enable the analysis of the nucleic acid content of any sample, without prior information on pathogens. In clinical diagnosis, metagenomic testing has proven useful in infections with unconventional agents, non-specific clinical presentation, and in instances where pathogen diversity hampers targeted detection (Dulanto Chiang and Dekker, 2020). Metagenome sequencing can further be employed for environmental surveillance to identify pathogen spillover. As the majority of emerging infections originate from wildlife and adapt to domestic animals to infect humans via spillover events, identification of potential zoonotic pathogens in the animal–human interface may facilitate the description of agents with imminent public health impact (Quer et al., 2022). Another use of metagenome sequencing in emerging diseases involves bio- or xeno-surveillance where blood-sucking arthropods, such as mosquitoes, ticks, and sandflies, can be used as sentinels to screen pathogens encompassing multiple hosts (Brinkmann et al., 2016).

Sequencers based on third-generation technology including nanopore sequencing (NS) are among the most widely used NGS platforms, due to their relatively low cost and portability (Kumar et al., 2017). Based on single-molecule synthesis, NS produces longer reads and allows real-time data access, significantly reducing the time required for sequencing (Petersen et al., 2019). Despite limitations of depth and accuracy, NS holds potential as a point-of-care or field-friendly metagenomics platform due to its flexibility (Greninger et al., 2015; Quick et al., 2016; Russell et al., 2018). NS can be particularly useful in monitoring arthropod-borne viruses in vectors or reservoirs, especially in regions with probable epizootic events. Viruses involved in spillover events often carry RNA genomes and exhibit high mutation rates, requiring broad-range or high-fidelity primer sets for detection by standard amplification techniques, advocating further for an inclusive approach provided by metagenomics for surveillance. NS has been employed to characterize virus genomes in mosquito pools screened by targeted amplification (Russell et al., 2018) and has proven capable of detecting mosquito-borne viruses in a single infected sample under controlled conditions (Batovska et al., 2017). Nevertheless, it has been rarely used to identify tick-borne viruses in a clinical or surveillance setting. This study aimed to evaluate NS-based metagenome sequencing in ticks, screened by polymerase chain reaction (PCR).



2. Materials and methods


2.1. Samples

The study cohort comprised 40 tick pools, collected in Anatolia, Turkey during 2020–2021 (Supplementary Table 1) (Dinçer et al., 2022). Individual adult ticks had been collected from infested animals including cattle (Bos taurus), sheep (Ovis aries), and dogs (Canis familiaris). They were morphologically identified to species level using appropriate taxonomic keys (Filippova, 1997; Walker et al., 2000, 2003; Estrada-Pena et al., 2004; Apanaskevich and Horak, 2008), pooled into groups of 4–12 individuals according to the collection site and species, and then stored at −80°C. The pools were macerated by vortexing with beads in Eagle's minimum essential medium supplemented with 5% fetal bovine serum, centrifuged at 4,000 rpm for 4 min. The supernatants from the pools were subsequently collected and subjected to nucleic acid purification by High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Mannheim, Germany) and complementary DNA (cDNA) synthesis with random hexamers, using the RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Hennigsdorf, Germany), as directed by manufacturer's protocol. The pools were screened for generic nairovirus and Jingmen tick virus (JMTV) by previously described in-house PCR assays (Honig et al., 2004; Yu et al., 2020), utilizing identical conditions. The generic nairovirus PCR targeted the central motif A of the viral replicase, encoded by the genome segment L (Honig et al., 2004), whereas viral NS5-like protein on segment 1 was targeted by the JMTV assay in a nested format (Yu et al., 2020).



2.2. Nanopore sequencing (NS)

A fresh aliquot from the processed tick pool was used for sequencing. Briefly, the aliquot was lysed in ATL-DX lysis buffer with Precellys zirconium oxide beads (Bertin Corp., Rockville, MD, USA) using Bullet Blender 24 Gold (Next Advance, Troy, NY, USA). The lysate was centrifuged, and the supernatant was extracted using the IndiMag Pathogen Kit (Indical Bioscience, Leipzig, Germany) with KingFisher™ Flex Purification System, (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's protocol. Purified nucleic acids were treated with ezDNase (TFS) and subjected to cDNA synthesis using NEBNext Ultra II RNA First-Strand and Non-Directional RNA Second Strand Synthesis modules, utilizing random primer mix (New England Biolabs, Ipswich, MA, USA) according to manufacturer recommendations. Double-stranded cDNA was cleaned up using Agencourt AMPure XP reagent (Beckman Coulter Biosciences, Indianapolis, IN, USA) and quantified using the Qubit dsDNA HS Assay Kit (TFS).

A Ligation Sequencing Kit (Oxford Nanopore Technologies, Oxford, UK) and NEBNext End repair and Quick Ligation Modules (NEB) were used as directed by the manufacturer's protocol. Libraries were quantitated by Qubit (TFS). Samples were barcoded with the Rapid Barcoding Kit 96 (ONT) for combined sequencing. An epMotion 5075 (Eppendorf, Hamburg, Germany) was used for automated liquid handling. Sequencing libraries, combined as 16 and 24 barcoded pools, were loaded on GridION Mk1C (ONT) sequencer and run for 72 h.

Basecalling and demultiplexing were performed on the GridION with the MinKNOW operating software v21.11.7 (ONT) and Guppy v 5.1.13 (Wick et al., 2019). Raw reads were trimmed with Porechop to remove adapter sequences and then filtered with NanoFilt to remove reads with q-scores ≤ 9 and read lengths ≤ 100 bp (Wick et al., 2017; De Coster et al., 2018). This data was then cleaned by removing any tick host DNA using Minimap2 v2.24 and Samtools v1.9 (Li, 2018; Danecek et al., 2021).



2.3. Sequence data and statistical analysis

The processed reads were aligned to the National Center for Biotechnology Information (NCBI) Reference Sequence (RefSeq) database using DIAMOND v2.0.14 (Buchfink et al., 2021), visualized using MEGAN6 (v6.23.2) (Huson et al., 2016). Taxon-based read counts were obtained from MEGAN6. Sequences were handled using Geneious Prime (v2022.2.1) (Biomatters Ltd., Auckland, New Zealand). The BLASTn algorithm was used for similarity searches in the NCBI database (Altschul et al., 1990). Virus read mapping was carried out using Minimap2 plug-in for Geneious Prime, with default settings optimized for nanopore data, using BLASTn hits with highest identity scores as a reference. Optimal substitution models on individual alignments were estimated by MEGAX, which was further employed to infer evolutionary history according to the Bayesian information criterion (Kumar et al., 2018).

T-test and Wilcoxon signed rank test were used based on the F-test results to assess the variance of the groups being compared. For this purpose, the samples were separated into PCR-negative and PCR-positive groups for each virus. Within these groups, the total number of reads generated per sample by NS, total virus reads, specific virus reads (JMTV or CCHFV), and target segment reads (for each PCR) were individually recorded, and proportions relative to the total number of reads or specific virus reads were calculated. Furthermore, the samples were compared in a binomial manner, where the results were scored as either 0 (PCR/NS negative) or 1 (PCR/NS positive). The Z-statistics obtained were then compared to the critical values for 95 and 99% two-tailed tests (at 1.96 and 2.58, respectively).




3. Results


3.1. Virus detection

A total of 301 ticks were sequenced in 40 pools, which comprised Rhipicephalus bursa (70%), R. sanguineus sensu latu (17.5%), R. turanicus (7.5%), and Haemaphysalis parva (2.5%) species (Table 1). The sequencing runs produced total and virus reads in the range of 265–343,857 (mean: 37,853.2, SD: 76,767.1) and 3–19,148 (mean: 1,071.7, SD: 3,236.3), respectively (Supplementary Table 1). A total of 11 viruses from seven genera or species were identified (Table 1). Sequences from multiple viruses were observed in 31 pools (77.5%). In samples with a single detectable virus (nine pools), Bole tick virus 3 (BTV3) (genus Mivirus, species Mivirus boleense) comprised the majority of the mapped reads (7/9, 77.8%).


TABLE 1 Virus detection by NS in pooled ticks.
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3.2. JMTV and CCHFV findings

Jingmen tick virus (family Flaviviridae, species Mogiana tick virus) sequences were identified in 24 pools (60%) (Table 1) (Simmonds et al., 2019). JMTV is a segmented RNA virus documented as a causative agent of febrile disease associated with tick bites in humans (Jia et al., 2019), sometimes co-detected with CCHFV in severe cases (Emmerich et al., 2018). JMTV and related viruses are widely distributed in Eurasia and the Americas with virus RNA in bats, cattle, primates, and rodents, in addition to ticks and mosquitoes (Temmam et al., 2019; Guo et al., 2020). In the tick pools, we observed mapped read or contig counts of 1–10,348, with 90.2–99.4% identities to previously reported JMTV sequences (Supplementary Table 2). Near-complete open reading frame (ORF) contigs from all four genome segments were available in certain pools, where phylogenetic analysis of genome segments revealed clustering and shared ancestors with JMTVs reported from Turkey and the Balkans (Figure 1).
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FIGURE 1
 Maximum likelihood analysis of the Jingmen tick virus (JMTV) genome sequences [(A) segment 1,1084 bp; (B) segment 2, 2,325 bp; (C) segment 3, 1,247 bp, (D) segment 4, 2,293 bp]. The tree is constructed for 500 replications using the Tamura–Nei, gamma distributed with invariant sites (segments 1 and 3) or the gamma distributed, general time reversible (segments 2 and 4) models. Viruses are indicated by GenBank accession number, name, and isolate/strain identifier. The sequences obtained in the study are marked. Bootstrap values higher than 60 are provided.


All nairovirus sequences obtained in the NS runs were identified as CCHFV, present in 20 (50%) of the pools (Table 1). Mapped reads or contig counts of 1–1,752 were noted, with 80.7–98.7% identities to closely related CCHFV sequences (Supplementary Table 3). We obtained near-complete coding region contigs of all CCHFV genome segments in one pool (p58–37) and L or S segment contigs in others (Supplementary Table 3). In the maximum likelihood phylogenetic analysis, the sequences clustered with CCHFV genogroup VI (Europe 2 or AP-92-like) isolates (Figure 2), which has recently been reclassified as the Aigai virus (AIGV) (Papa et al., 2022). Originally reported from Greece, AIGV was also reported from Albania, Bulgaria, Kosovo, and Turkey, and R. bursa ticks were suggested as the primary vector. Based on reports from Turkey and Iran, AIGV is a human pathogen, with the capacity to produce mild or severe CCHF-like disease (Midilli et al., 2009; Salehi-Vaziri et al., 2016).


[image: Figure 2]
FIGURE 2
 Maximum likelihood analysis of the Crimean–Congo hemorrhagic fever virus (CCHFV) genome sequences [(A) L segment, 12,887 bp; (B) M segment, 3,765 bp; (C) S segment, 1,361 bp]. The tree is constructed for 500 replications using the general time reversible, gamma distributed with (M segment) or without invariant sites (L segment) or Kimura 2-parameter models (S segment). Viruses are indicated by GenBank accession number, abbreviation, and isolate/strain identifier. The sequences obtained in the study are marked. Bootstrap values higher than 60 are provided. Nairobi sheep disease virus serves as an outgroup.


We further compared JMTV and CCHFV detection rates by PCR and NS (Table 2). Six pools (15%) were positive using the single round generic nairovirus PCR, whereas the nested JMTV PCR identified nine pools (22.5%) as positive (Supplementary Tables 2, 3). In NS, all PCR-positive pools produced contigs of every genome segment from each virus (Table 2). Detection by NS was more frequent for both viruses with a statistical significance of 95% confidence. However, no significant difference between total virus, specific virus, or targeted segment read numbers was observed in PCR-positive and negative pools with virus detection by NS (Figure 3).


TABLE 2 Crosstable of virus detection by PCR and nanopore sequencing.
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FIGURE 3
 Comparison of the total virus, specific virus, and PCR-targeted segment abundances in samples with detectable JMTV and CCHFV in NS. Abundances are presented as a relative ratio to total reads (A) and virus reads (B, C). Values in each group are given range + standard deviation, with outliers indicated with rhombuses. No statistically significant difference was observed between any PCR-positive and negative groups.




3.3. Mivirus findings

Mivirus is a recently established genus within the Chuviridae family (order Jingchuvirales) (Di Paola et al., 2022). Initially described by NGS in arthropods (Li et al., 2020), jingchuviruses are documented to be broadly distributed in major arthropod subphyla, and further associated with eucestodes, fish, helminths, mammals, nematodes, reptiles, and sea anemones. They have highly diverse, non-segmented, segmented, and/or circular genomes, varying ORF configurations and preliminary evidence of genome integration and human infections (Di Paola et al., 2022). We detected two miviruses in tick pools. BTV3 stands out as the most frequently detected virus, present in 33 (82.5%) of the pools (Table 1). In NS, read counts ranging between 1 and 468 with 83.5–99.6% BLASTN identities to the BTV3 strain previously reported from Anatolia were observed (Ergünay et al., 2020). Complete virus replicase, glycoprotein, and nucleoprotein ORF contigs could be retrieved from certain pools (Supplementary Table 4). Phylogeny construction using partial replicase, glycoprotein, and nucleoprotein contig alignments showed a clustering of the Anatolian sequences, distinct from other BTV3 strains and miviruses (Supplementary Figure 1). In addition to BTV3, a single read with 89.2% identities to Xinjiang mivirus 1 replicase was detected in a pool of R. sanguineus ticks (Supplementary Table 4).



3.4. Phlebovirus findings

We detected 1–18 reads or contigs mapped to phleboviruses in 24 (60%) of the tick pools (Supplementary Table 5). The sequences comprised L and S segments of the virus genome, with BLASTN identities of 90.6–99.0 and 80.1–98.8% to various phleboviruses, respectively. Tick-associated phleboviruses identified in the pools include Brown dog tick phlebovirus 2 (BDTP2), phlebovirus Strandja, tick phlebovirus Anatolia, and Lesvos virus (Table 1). Strandja and Anatolia phleboviruses were mainly reported in Rhipicephalus ticks from Bulgaria and Turkey (Emanet et al., 2019; Ohlendorf et al., 2019), while BDTP2 appears widespread, detected in China, and Trinidad and Tobago as well as the Balkans (Sameroff et al., 2019; Bratuleanu et al., 2022; Guo et al., 2022). Lesvos virus was originally reported from Hae. parva ticks from the Greek island of Lesbos (Papa et al., 2016). Vertebrate infections have not previously been documented for any of these viruses. Phylogeny construction based on partial polymerase sequences on the L genome segment revealed the grouping of the sequences with related viruses from the Balkans and Turkey (Supplementary Figure 2).



3.5. Other viruses

Finally, we detected sequences of an Orthomyxovirus (Quaranjavirus), a Peribunyavirus (Ixodes ricinus bunyavirus-like 1 virus), and an unclassified Riboviria (Butler's Creek virus) in three tick pools (Table 1). In a pool of male R. sanguineus samples collected from infested canines, three reads identified as Quaranjavirus sp. were detected. The reads comprised 113, 171, and 244 base pairs and showed 92.37–98.2% identities to a novel Quaranjavirus PB1 sequence, recently reported in ticks from Romania (Bratuleanu et al., 2022). Quaranjaviruses are members of the Orthomyxoviridae family (Walker et al., 2019), and the initial isolates were described in cases of febrile diseases, with exposure in indigenous populations (Taylor et al., 1966). They have been historically documented in argasid ticks and their vertebrate hosts, primarily avian species. Some quaranjaviruses are associated with avian mortality and demonstrate pathogenicity under experimental conditions (Allison et al., 2015; Shearn-Bochsler et al., 2017; Mourya et al., 2019). Documentation of various quaranjaviruses in several hard tick species in the genera Amblyomma, Haemaphysalis, Ixodes, and Rhipicephalus including this study suggest that unrecognized tick-borne infections may be occurring (Cholleti et al., 2018; Sameroff et al., 2021; Bratuleanu et al., 2022; Kobayashi et al., 2022). Furthermore, two reads (279 and 767 base pairs) in a Hae. parva pool revealed 70–72.8% identity to the Butler's Creek virus, reported from pooled Haemaphysalis bancrofti nymphs from Australia. Finally, a single read with 70% identity to the M segment of Ixodes ricinus associated bunyavirus-like 1 virus reported from Croatia (Sameroff et al., 2022), was identified in a R. bursa pool.




4. Discussion

Our findings demonstrate that NS sequencing robustly detects tick-borne viruses in pooled ticks, with detection sensitivities significantly exceeding broad-range and nested PCR. Unlike targeted generic, specific, or multiplexed amplification, metagenome sequencing has the capability of detecting novel targets along with known pathogens without the need for prior information. However, during metagenome sequencing of field-collected arthropods, non-pathogenic microbial, host and environmental nucleic acids may mask viral sequences of interest, resulting in reduced pathogen detection sensitivity (Greninger et al., 2015; Kumar et al., 2017; Petersen et al., 2019). Sample pooling, a common practice in vector screening, is likely to increase background signal. To overcome this problem, various enrichment approaches including centrifugation/filtration, depletion of ribosomal RNA, targeted virus sequence capture, random priming, and non-specific amplification have been used (Brinkmann et al., 2016; Petersen et al., 2019). In this study, we employed a straightforward cDNA-based library preparation protocol, except for the DNase treatment of purified nucleic acids. This approach not only enabled the identification of the main targets JMTV and CCHFV, but recovered several other tick-associated viruses as well, with near-complete genome sequences obtained in samples with a sufficient number of mapped reads. Despite the relatively low number of total and virus reads due to our barcoding strategy, the longer read lengths generated by NS provided genome-wide virus sequence information, enabling reliable phylogeny construction in most of the detected viruses.

Due to the public health threat potential emergency and the lack of efficacious therapeutic or preventive measures, CCHFV is included among the pathogens targeted in the World Health Organization research and development blueprint (Mehand et al., 2018). It is widely distributed in Asia, Africa, and Southeast Europe, where the primary vector ticks of the Hyalomma genus are prevalent. CCHFV further exhibits a striking genome diversity, with several distinct genotypes based on viral genome segments and associated with geographic location, and with the possibility for recombination among strains (Lukashev et al., 2016). The recently reclassified AIGV was considered of low virulence, with few documented cases (Papa et al., 2022). This is further supported by the findings of a recent in vitro study, where diminished viral L protein expression was observed in AIGV (Pickin et al., 2022). The diagnostic or screening nucleic acid and serologic assays in current use are mostly unable to differentiate between these viruses; therefore, the impact of AIGV in CCHFV-associated disease incidence and epidemiology is hard to assess. Despite different primary hosts (Hyalomma vs. Rhipicephalus), tick species with detectable CCHFV or AIGV may overlap significantly in endemic regions, and genetic exchange resulting in altered virulence is also possible. Hence, adequate tools to diagnose and monitor AIGV are required, and our findings further indicate NS as a robust approach for this purpose.

Our NS-based metagenome approach further revealed a JMTV prevalence of 60% in the screened tick pools, and the subsequent phylogeny construction revealed clustering with those previously characterized in Anatolia and the Balkans. JMTV and related viruses (often referred to as Jingmenviruses) are included in the Flaviviridae family based on non-structural protein similarities, despite having segmented genomes (Simmonds et al., 2019; Temmam et al., 2019). Currently, known Jingmenvirus genomes comprise two large phylogenetic clades and are associated with tick-vertebrate or insect hosts (Colmant et al., 2022). Since its initial description in China, JMTV sequences have been detected in samples from many locations in Asia, Africa, Europe, and America (Temmam et al., 2019; Colmant et al., 2022). Reported with high prevalence in Rhipicephalus microplus ticks from various regions, JMTV has also been identified in many species of Rhipicephalus, Amblyomma, Dermacentor, Haemaphysalis, Hyalomma, and Ixodes ticks throughout the globe, but ecological data on transmission cycles are scant. In addition to ticks, virus RNA has been documented in bats, cattle, rodents, tortoises, individuals with febrile disease, and those co-infected with CCHFV (Emmerich et al., 2018; Jia et al., 2019; Temmam et al., 2019; Colmant et al., 2022). By antibody detection, JMTV exposure has been identified in cattle and humans from Asia and Europe. Despite its widespread presence in many regions, human JMTV infections are reported sporadically, presumably due to a common clinical presentation with well known tick-borne infections and lack of commercial diagnostic assays. Similarly, another Jingmenvirus named Alongshan virus, was detected in patients with tick-associated febrile diseases with subsequent seroconversion and evidence for exposure in domestic animals and humans (Temmam et al., 2019; Wang et al., 2019; Colmant et al., 2022). These findings demonstrate that at least two Jingmen viruses qualify as tick-borne emerging viruses and considering their ubiquitous distribution further confirmed in this study; they must be investigated in individuals with febrile diseases of unknown etiology associated with tick bites.

The broad-range detection provided by the metagenomic approach also enabled the detection of additional viruses, including two miviruses (BTV3 and Xinjiang mivirus 1), four phleboviruses (BDTP2, Anatolia, Strandja, and Lesvos phleboviruses), and other RNA viruses (Table 1). Interestingly, BTV3 infections were observed at an unprecedented frequency of 82.5%. BTV3 and tick phleboviruses appear to be a ubiquitous virus in Anatolia, having been detected in various tick species (Dinçer et al., 2017; Brinkmann et al., 2018; Emanet et al., 2019; Ergünay et al., 2020). Tick phleboviruses are also widely distributed in Asia, Europe, and America (Ohlendorf et al., 2019; Sameroff et al., 2019; Bratuleanu et al., 2022; Guo et al., 2022). As vertebrate in vivo experiments failed to propagate these viruses, they are currently considered non-virulent residents of the tick virome (Emanet et al., 2019). Other RNA viruses identified in the study have also been reported in tick metagenome investigations (Pettersson et al., 2017; Sameroff et al., 2022). Despite the lack of evidence for human or veterinary health impact of these viruses, indirect effects on the replication of the pathogenic viruses in vector ticks and potential genetic exchange among strains should be considered. NS further facilitated the first documentation of Quaranjaviruses in Anatolia, Turkey—a significant finding that warrants further biosurveillance due to their potential as animal and human pathogens.

Several shortcomings of the current study should be addressed. First, information on the number of infected individuals in each pool was lacking; therefore, assessments on individual ticks or mixed infections could not be performed. We did not use a CCHFV quantitative-PCR approach, as it may not ensure accurate detection of virus genotypes including AIGV in circulation and multiple genotypes. A more informative comparison would have been possible by parallel sequencing of spiked pools with a known copy number of viral genomes. During NS, we did not carry out a real-time data interpretation for virus detection, but an end-point analysis of the sequencing data instead. NS was reported to be capable of generating 12% of the Ross River virus reads in a single infected mosquito after 10 min and 87.3% in 10 h (Batovska et al., 2017). Follow-up studies are underway to calculate timelines for reliable pathogen detection and genotyping on individual and pooled ticks. A limitation of the NS-based metagenomics for vector-borne viruses is the lack of established controls, optimized for all potential target pathogens. Moreover, assessments of detection thresholds and sensitivity, as well as the correlation of read counts with standard quantitative nucleic acid detection assays are required. Operational costs and expertise required for assay performance and data interpretation should also be considered. However, metagenome-based surveillance provided a much broader view of the viruses in circulation, as exemplified by tick pools in this study. As affordable, field-friendly sequencing platforms become widespread, many of the current limitations are likely to be circumvented.

In conclusion, this proof-of-concept study revealed that metagenomic NS with standard approaches could surpass the sensitivity of PCR amplification in tick-borne viruses and generate genome-wide data for reliable phylogeny construction. The utility of NS could be particularly useful for monitoring pathogens in tick vectors or human/animal clinical samples in hot-spot regions for zoonotic spillover.
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