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authors. Ticks are parasites of a wide range of animal species and the main vectors of many
Conespondence viruses of health concern. However, a genome-scale characterization of tick diversity
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north-south gradient in Italy. We found that viral richness, prevalence, and abundance
varied among samples. In our dataset, northern populations showed a higher
presence of viruses of potential health concern; however, given the unbalanced and
temporally split sampling design, these observations should be interpreted with
caution. Using a combination of metagenomics and phylogenomics, we recovered
99 viral contigs, which were assembled into 89 uncultivated viral genomes (UViGs),
as some viral species possess segmented genomes composed of multiple contigs.
These 89 UViGs correspond to 31 viral operational taxonomic units, including 10 new
putative species (i.e., unclassified viruses) and 19 species reported in Italy for the first
time. We present the updated phylogenies of viruses of known or new potential
zoonotic concern including Haseki tick virus, members of the Orthototiviridae and
Phenuiviridae families, Tick-borne encephalitis virus, and four different phleboviruses
(Brown dog tick phlebovirus 2, Norway phlebovirus 1, Leuven phlebovirus and Tick
phlebovirus). These results increase our general understanding of the evolution

of tick-borne viruses, provide a comprehensive look at their diversity in Italy, and
represent a source of information for implementing future surveillance activities.
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1 Introduction

The incidence of tick-borne diseases is increasing worldwide [1] due to the combined
effects of different drivers, such as climate change, shifts in land use, biodiversity loss,
and increased circulation of goods and humans. These ecological factors are contribut-
ing to expanding the distribution of ticks and their associated pathogens, raising the risk
of new epidemics and threatening the health of humans and other animals [2, 3]. For this
reason, many countries are improving their surveillance activities to rapidly identify and
track new tick-borne pathogens and diseases and to monitor the trend of the existing
ones [4, 5].
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Gene targeted assays, such as PCR, are useful tools to test for the presence of a sin-
gle (or few) already characterized pathogens, but cannot be used for large screenings
of new viruses and for the identification of new pathogens [6]. Shotgun non-targeted
methods such as metagenomics and metatranscriptomics are quickly becoming cost
effective ways [7] to study all microorganisms at the same time, even the ones that are
still unknown, and are therefore powerful tools for the early detection of new emerg-
ing pathogens. With non-targeted methods it is possible to process samples from differ-
ent sources to understand how microbes circulate among the environment, humans and
other animals, in a One Health approach [8]. These methods have recently been applied
to discover and track tick-borne viruses that have a high epidemic potential and are the
main cause of tick-related diseases [9-12].

At least 1,477 viruses from 73 different families have been described in ticks world-
wide [13-15], but the pathogenicity for humans and animals of a large part of them
remains unclear. Tick-borne encephalitis virus (TBEV), belonging to the species Ortho-
flavivirus encephaliditis [15, 16], is one of the most dangerous viruses for human health
in Eurasia. It is the most widely distributed neurotropic arbovirus, belonging to the fam-
ily Flaviviridae, genus Orthoflavivirus, tick-borne encephalitis serocomplex [16, 17].
TBEV is transmitted mainly by hard ticks as those belonging to the Ixodes ricinus spe-
cies complex, and its infection can lead to serious long term neurological sequelae [18].
The incidence of this virus in Eurasia has been increasing in the last decade, with the
appearance of new foci; in Europe, it is currently endemic in 27 countries [19], with an
expanding trend also in previously unaffected regions. The highest numbers of cases are
found in countries located in central and northern Europe (Czech Republic, Lithuania,
Poland, Germany and Sweden), but the virus is progressively expanding to other coun-
tries such as the Netherlands and UK [20]. In Italy, TBEV is distributed in small natural
foci as observed in other regions, and the risk is currently higher in the northern part of
the country [21].

Apart from TBEV, the diversity of other tick-associated viruses hasn’t been explored
extensively in Italy so far. To fill this knowledge gap, we sampled ticks of different spe-
cies from multiple Italian locations on a latitudinal gradient and sequenced their associ-
ated viromes with a metatranscriptomic approach. We assembled 89 uncultivated virus
genomes (UViGs), many of which belong to species that had never been described in
Italy before or to putative new species, and reconstructed their evolutionary history
using phylogenetic methods.

2 Results

2.1 Overview of generated metatranscriptomic samples

We analyzed the transcriptomes of 22 tick samples belonging to five species (Derma-
centor marginatus, Haemaphysalis punctata, Ixodes ricinus, Rhipicephalus bursa, and
Rhipicephalus sanguineus s.l., hereafter Rhipicephalus sanguineus) from three differ-
ent regions of Italy (Trentino-Alto Adige, Lazio, Sicily), maximizing the latitude range
between all samples (Figs. 1a, b and Supplementary Table 1). These regions were selected
not only to capture a broad north—south gradient, but also to represent ecologically dis-
tinct and characteristic environments within Italy that are relevant to tick ecology. Spe-
cifically, Trentino-Alto Adige reflects alpine and subalpine habitats in northern Italy,
Lazio represents central Mediterranean ecosystems with mixed rural and peri-urban
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Fig. 1 Overview of the 22 metatranscriptomic samples generated in the study. a All sampling locations of the
study are highlighted in the map, spanning northern (Trento, in light blue), central (Lazio, in green) and southern
(Sicily, in orange) latitudes of Italy. b Alluvial diagram showing the main characteristics of the generated samples.
The colors of the bar on the left indicate the sampling region, while the curves show how the samples are divided
according to tick species, sex, type of sample (single tick or pool of more individuals), and year (four white bars on
the right). The color gradient of the curve shows the number of reads for each sample

landscapes, and Sicily encompasses southern Mediterranean environments character-
ized by warmer climates and distinct vegetation types. Together, these locations provide
a representative ecological framework for assessing tick-associated viral diversity across

diverse climatic and environmental contexts in Italy.

2.2 Identification of 99 putative viral contigs

All 22 generated metatranscriptomes (Supplementary Table 2) were analyzed, filtering
the host reads and removing all the remaining ribosomal RNA (Supplementary Table
3). To reduce methodological biases, we reconstructed viral contigs by employing two
different assembly strategies to obtain a set of 180 contigs (see Methods and Supple-
mentary Table 4). A series of filtering steps (Supplementary Tables 3, 4) resulted in a
set of 99 contigs (Supplementary Table 5) that were selected as putatively viral and fur-
ther annotated and checked for their quality (see Methods), including the number of
reads mapping against them, calling and identifying their genes with two methods that
returned similar results (see Methods and Supplementary Data). Furthermore, the depth
and breadth of coverage for each contig was calculated to identify poorly assembled
sequences (see Methods and Supplementary Fig. 1).

We identified 31 viral operational taxonomic units (vOTUs) (Fig. 2a). The abun-
dance of each vOTU was measured using the logarithm of reads per kilobase per mil-
lion (logRPKM). This gives a general picture of the composition of the viral communities
identified in the study for each sample and for different hosts and locations. At this level,
TBEV accounted for almost all Flaviviridae reads, and it was detected in five L ricinus
samples, four of which were from Trentino-Alto Adige, and in one H. punctata from
Sicily (HP-F1, though this is most likely an index-hopping artifact in this sample, as dis-
cussed in the Results and Methods sections). PCR analyses for detecting TBEV obtained
in a previous study on the same samples [21] were coherent with what we found using
metatranscriptomics, representing a further and independent validation of our approach
(see Methods). In particular, we found a high number of reads mapping against the
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Fig. 2 Overview of the vOTUs found and viral diversity. a A heatmap showing a measure of viral abundance
expressed as the logarithm of reads per kilobase per million (logRPKM) for all viral operational taxonomic units
(vOTUs) identified for each sample, with higher values (in orange, red and yellow shades) indicating greater viral
abundance. Color bars on top indicate the host from which the sample was extracted and its location. The differ-
ences among all values and between each single species were all not significant (P> .05 for both Kruskal-Wallis and
Wilcoxon rank-sum test). b Alpha diversity values (at the viral species level) calculated for each tick species. ¢ Alpha
diversity values (at the viral species level) grouped by sampling region. Significance comparisons for alpha diversity
are indicated with black asterisks (Kruskal-Wallis test) or red asterisks (Wilcoxon rank-sum test); *P =.05, **P = 01,
***p = 005. Only significant comparisons (P =.05) are shown

TBEV assembled genomes for the samples that tested positive for the virus with PCR
(CAL-F15, n = 2478393; SOR-F3, n = 2216638; COR-N10, n = 2291288), and much
lower reads for a sample that was weakly positive (COR-N12, n = 1232). Very few reads
were retrieved for a sample from Sicily (HP-F1, n = 586), for which no PCR data were
available.

The viruses identified belonged to thirteen known viral families, as well as to unknown
or unclassified ones (Supplementary Fig. 2). Some viral families were host-specific, like
the Chuviridae, that are present only in R. bursa ticks, and the Botourmiaviridae, Fla-
viviridae, Unclassified Tolivirales family (formerly Luteoviridae [22]), Partitiviridae and
Rhabdoviridae, that are mainly (and in some cases only) present in I ricinus. Vice versa,
some families showed a broader host range, like the Unclassified Cirlivirales and the

Orthototiviridae. Some viral families showed high logRPKM values in several samples
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(in particular Flaviviridae, Chuviridae and Nairoviridae), while others were very low.
The reads mapping to unclassified viruses were merged together and represented differ-
ent viral groups that did not necessarily belong to the same taxonomic unit.

Alpha diversity was compared across regions and tick species (Figs. 2b, c); however,
because sampling years differed among regions and tick species composition varied
by site, these comparisons should be interpreted with caution. Given these sources of
heterogeneity, we consider the analyses of geographic patterns in alpha diversity to be
descriptive rather than inferential. Accordingly, the results are presented as an explor-
atory overview of observed variation among regions, without drawing formal conclu-
sions about geographic effects.

The tick species with the highest alpha diversity (Fig. 2b) was R. sanguineus, followed
by H. punctata, I ricinus, D. marginatus and R. bursa for both Shannon and inverse
Simpson indexes, even though the differences were not statistically significant (P>.05
for both Kruskal-Wallis test and pairwise Wilcoxon rank-sum test). Alpha diversity val-
ues varied between regions (Fig. 2c), with Sicily being the most diverse sampling area,
followed by Trentino-Alto Adige and Lazio; differences among all samples were statisti-
cally significant (P<.05, Kruskal-Wallis test). Individual differences between areas were
significant only for the Lazio-Sicily pair (P<.05, Wilcoxon rank-sum test).

2.3 Phylogenetics and genome comparisons reveal known and new viral species

We identified 17 vOTUs suitable for phylogenetic analysis (see Methods). We used
genetic distances to determine whether our newly reconstructed genomes could be
assigned to previously known (classified) viruses (“kv”) or instead represented putative
new (unclassified) viruses (“pnv”) (see Table 1, Supplementary Tables 4 and 5, and Meth-
ods). Throughout the manuscript, the term “putative new virus” refers to a virus that
could not be assigned to an existing classified viral taxon based on its genetic distance
to its closest classified relative, rather than to a virus sequenced for the first time. Like-
wise, references to the “closest relative” indicate the closest classified relative available

Table 1 Putative new viruses identified in this study

Novel viruses (virus common Closest classified Viral family Species demarca-
name) relative tion criteria
Bole Tick Mediterranean virus Bole Tick virus 3 Chuviridae <90% RdRp similarity

Cirlivirales sp.
Ingleside virus tarquiniae

Lonestar tick virus italiae
Mononegavirus tridentinum 1

Tick-associated ourmia-like virus
Tick bunyavirus siciliae
Orthototiviridae sp.

Totivirus genuardii 1
Zambezi tick-like Italian virus

Circoviridae sp.
Ingleside virus

Lonestar tick totivirus

Norway mononegavirus 1

Aspergillus neoniger
ourmia-like virus 1

Ixodes scapularis
bunyavirus

Xinjiang tick totivirus 2
Hubei toti-like virus 24
Zambezi tick virus 1

Unclassified Cirlivirales
family
Virgaviridae

Orthototiviridae
Unclassified

Botourmiaviridae
Peribunyaviridae

Orthototiviridae
Orthototiviridae
Orthomyxoviridae

<80% whole-ge-
nome similarity
<80% whole-ge-
nome similarity
<90% RdRp similarity
<80% whole-ge-
nome similarity
<90% RdRp similarity

<90% RdRp similarity

<90% RdRp similarity
<90% RdRp similarity
<80% whole-ge-
nome similarity

10 putatively novel viral species, belonging to 8 different viral families, were identified based on sequence identity,

phylogenetics and comparisons to the closest known genomes
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in current reference databases. For the ones with high identity to known viral species
and no putative new viruses, we reconstructed species-level phylogenies (Supplemen-
tary Fig. 3).

To further confirm the species demarcation scenario obtained using sequence identity,
we obtained phylogenetic trees at the family level based on the amino acid sequence of
the RdRp (or Rep) protein for all the new putative viral species (Supplementary Figs. 4, 5,
6,7,8,9,10and 11).

Viruses exhibit diverse substitution patterns, ranging from very low for the known
species (e.g., Grotenhout virus, Norway nairovirus 1, Norway partity like virus 1, Nor-
way phlebovirus 1; Supplementary Fig. 3), confirming their identification at this level, to
very high in others (e.g., Ingleside virus, Bole tick virus 3, Norway mononegavirus, Xin-
jiang tick totivirus 2; Supplementary Figs. 4, 5, 6, 7, 8 and 10, 11), supporting their likely
classification as new species. In some cases, such as Bole tick virus 3 (Supplementary
Fig. 5), we included some previously obtained sequences into our newly proposed puta-
tive viral species (in this case, Bole Tick Mediterranean virus). We significantly expanded
the number of available sequences for the species analyzed for some groups, doubling
or more than doubling the number of genomes (e.g., Norway partiti like virus 1 and
Grotenhout virus, Hubei toti-like virus 24; Supplementary Figs. 3 and 8, respectively).
The new highly prevalent Cirlivirales sp. detected in 12 samples (Supplementary Fig.
6) revealed a closer match to the Replication and Capsid proteins that characterize the
typical Cirlivirales genome structure [23]. To increase the phylogenetic resolution of this
analysis, we also included genomes from all Cirlivirales families (Circoviridae, Vilyaviri-
dae, and Endolinaviridae), and reconstructed a phylogeny using more distant relatives
inferred trough protein structures (Supplementary Fig. 7).

Our phylogenies indicate the need to expand the number of viral species: for example,
in the case of Xinjiang tick totivirus 2 (Supplementary Fig. 8) according to genetic dis-
tance, we may define at least 3 distinct viral species. To confirm the taxonomic assign-
ment of our sequences, we used the genome annotation obtained for all genomes to
carry out genome comparisons (Supplementary Figs. 4, 5 and 6 and 9 10, 11, 12 and
13). We built Clinker plots (see Methods) for each species data set to explore the gene
content and synteny of each genome. This approach was essential to characterize those
species for which there were not enough reference sequences to reconstruct a phylog-
eny (Supplementary Fig. 12). In most cases we retrieved the full RdRp gene of the virus,
and for some viruses we could reconstruct the nearly complete genome (IRE/CTVM19-
associated rhabdovirus, Tacheng tick virus 5). In other cases, we were only able to get
partial genomes or single proteins besides RdRp, which hinders a reliable taxonomic
assignment (such as for Norway mononegavirus 1 and Zambezi tick virus 1; Supple-
mentary Fig. 13). Beyond RdRp, the annotated proteins included glycoproteins, nucleo-
capsid, nucleoproteins and putative functional ORFs. Cases for which viral species were
particularly difficult to classify, either for the lack of reference sequences or for the high
fragmentation of the genome, are presented in Supplementary Fig. 14. Three partial
genomes were assigned to three different species of the Phenuiviridae family (Brown dog
tick phlebovirus 1 and 2 and Phlebovirus sp.).
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2.4 Widespread presence of TBEV in northeastern Italy

To better characterize the diversity and evolution of TBEV, a maximum likelihood phy-
logeny with the five newly generated sequences was reconstructed (Fig. 3). The phy-
logenetic tree in Fig. 3a indicates that TBEV genomes can be divided into five clusters
based on their genetic divergence: Far Eastern, Baikalian, Siberian, Himalayan and Euro-
pean. All the five sequences from this study (four from Trentino-Alto Adige and one
from Sicily) cluster together within the European group (Fig. 3a, inside the dotted red
circle). These sequences are all part of a clade (depicted with a red circle in Fig. 3a and
b) which also includes another Italian genome (OM084948.1, isolated in the Friuli-Vene-
zia Giulia region, close to Trentino-Alto Adige, in 2021) and sequences from Germany
(GQ266392.1, collected in 2005) and Finland (GU183381.1, sequenced from a sample
collected in 1960). The slow substitution rate of TBEV is reflected by the very small
scale-bar (Fig. 3b). The Sicilian sample, which has never been detected in this region
before and is very similar to those from Trentino-Alto Adige, could be due to an index-

hopping artifact, as discussed in detail in the following sections.

2.5 Non-viral microbial profiles reveal the presence of well-known tick symbionts

We screened our non-tick and non-viral reads for the presence of microbial taxa using
a read-profiling approach (see Methods). Our results show the presence of well-known
tick symbiotic bacteria, such as Midichloria mitochondrii, Coxiella spp., Wolbachia pipi-
entis, Delftia acidovorans, Rickettsia spp. (Fig. 4). We detected M. mitochondrii and Delf-
tia spp. only in L ricinus ticks, Rickettsia spp. only in D. marginatus, and Coxiella spp.
only in Rhipicephalus spp.

As metatranscriptomics reflects the intensity of transcriptional activity of a biological
entity, the estimated values must be interpreted as relative abundances of the detected
transcripts, which could not reflect the actual genomic abundances. Nonetheless, high
relative abundances strongly suggest the presence of the corresponding species in the
sample. Even considering this important limitation, it is worth noting that well-known
tick symbionts (highly abundant in the host) tend to have the highest values in the

heatmap.

3 Discussion

We explored the diversity and evolution of RNA viruses harbored by ticks from Italy, a
European country which has been recently experiencing an increasing risk of tick-borne
diseases. In particular, an increase in the number of cases of TBE has been registered in
the last decades in the northern regions [21, 24]. Tick populations were sampled from
three geographically different and distant regions (Trentino-Alto Adige, Lazio and Sic-
ily). Our aim was to consider different tick species capable of parasitizing various verte-
brates to characterize the overall diversity of RNA viruses associated with them. Many
contigs were similar to unclassified viruses that were present in the databases, while
others showed only low identity scores (< 80% on the whole genome or < 90% on the
RdRp) for all known viruses present in the GenBank database. A taxonomic refine-
ment was carried out by using genome comparisons and phylogenomics. Our analysis
revealed the presence of viruses belonging to at least 13 known viral families. Some of
them were detected in several tick species (like the Unclassified Cirlivirales, Phenui-
viridae and Orthototiviridae), while others seemed to be more species-specific (like the
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Fig. 3 Maximum likelihood phylogeny reconstructed for TBEV. a A maximum likelihood phylogenetic tree show-
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Fig. 4 Presence of bacterial taxa in the analyzed samples. Bacterial taxa (species names on the left) detected in
the samples (bottom) are shown. Colors indicate the relative abundance of each species, estimated by MetaPhlAn
based on read mapping to a database of clade-specific marker genes

Chuviridae and Partitiviridae, which were found only in R. bursa and I ricinus, respec-
tively). The differences observed in genome structure within the Unclassified Cirlivirales
family most likely reflect the circular nature of their genomes. When circular genomes
are linearized for sequencing, the cleavage site (and therefore the start position of the
sequence) is often arbitrary and may differ between studies or database submissions,
producing apparent mismatches in gene order that are not true biological rearrange-
ments [25-27]. Phylogenetic analysis of this group, both using sequence (Supplementary
Fig. 6) and structural data (Supplementary Fig. 7), which usually have more resolution at
higher evolutionary distances [28], did not bring to a reliable placement of our contigs
into an existing family within the Cirlivirales order. Given these results, further studies
and new Cirlivirales genomes are required to better define the taxonomy of this group.

The detection of some other families, where only one virus was found in only one
tick species and sample, seems to be accidental, like Botourmiaviridae and Bromoviri-
dae, which are indeed viruses of fungi and plants. This may be due to the fact that the
ticks were not washed using aggressive treatments (such as bleach-based solutions) for
better preservation of the samples, potentially leaving some traces of non-tick viruses
on their cuticles. The observed difference degree in specificity may also be influenced
by other factors, including viral preferences in terms of tick species, localized viral cir-
culation, or differences in the sampling strategy. Different tick species were sampled in
different regions, with some regions including more species than others. A similar bias
could influence the observed diversity, with better sampled regions showing higher val-
ues compared to the downsampled ones. For this reason, the diversity scores estimated
in this study must be interpreted with care.

At the viral contig level, we found five different phleboviruses (Brown dog tick phlebo-
virus 2, Norway phlebovirus 1, Leuven phlebovirus and Tick phlebovirus). Phlebovirus
is a genus of viruses included in the large order of Hareavirales, characterized by a high
genetic diversity [29] and divided into two antigenic complexes, one transmitted by Dip-
tera (mosquitoes, sandflies, etc.) and one transmitted by ticks [30]. Tick-borne phlebovi-
ruses were not considered a human health issue until the discovery of a severe fever with
thrombocytopenia syndrome (SFTS), reported in China in 2010 for the first time [31]. A
similar hemorrhagic fever was observed in the USA, caused by a tick phlebovirus named
Heartland virus, genetically closely related to SETSV [32]. Even if phleboviruses found in
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Italy are still not clearly associated with human disease, their presence is noteworthy, as
some of these viruses are characterized by gene mutation and genetic reassortment that
could lead to new pathogenic strains [31].

Some of the viruses detected in our samples could be related to new and emerging
tick-borne infections. This is the case of Haseki virus, a novel Flavi-like virus discovered
recently in Russia in ticks (Ixodes persulcatus) and in patients with fever and respira-
tory problems after tick bites [33]. It must be noticed that Haseki virus often coinfected
patients with other tick-borne pathogens, like Anaplasma and Borrelia, causing mixed
infections and complicating the set of symptoms [33]. In our study, Haseki virus was
detected in H. punctata from Sicily, and this is the first report of this virus in Italy to
date. We also found a virus which showed similarities with Bole-tick virus 3 [34] in I
ricinus and R. bursa. This is the first report of this virus in Ixodes ticks, as in literature
it has only been found as a component of the virome of Rhipicephalus and Hyalomma
ticks [35].

Another virus potentially linked to human disease is Tacheng virus, whose serotype 5
was detected in our study. Recently, a variant of this virus was isolated in China, from a
hospitalized patient with a syndrome involving different organs after a tick bite [36]. The
same virus was identified in ticks (Dermacentor and Hyalomma) collected in the area
where the patient lived, suggesting the existence of a pathogenic tick-borne virus.

Hubei toti-like virus, a double stranded RNA virus, was particularly abundant in our
samples belonging to the species D. marginatus. This virus was recorded in L persul-
catus in North China [37] and the classification of the family was revisited in 2006; in
fact, at the origin Orthototiviridae were considered mycoviruses, but the discovery in
invertebrates and fish of viruses clustering phylogenetically with this family suggested
the creation of a Toti-like group [38].

In some samples, we also detected the presence of Xinjiang tick totivirus 2. Other
viruses detected in our analysis, like Grotenhout virus and Bronnoya virus, are con-
sidered tick symbionts, or part of the core virome of ticks. Both viruses are members
of the order Bunyavirales, belonging to different genera [39, 40]. The presence of Trin-
bago virus [41] in H. punctata is noteworthy, as this virus seems able to infect differ-
ent tick species and it is classified as Orthoflavivirus, but its pathogenicity is still to be
investigated.

Interestingly, we found a plant virus contig in our results, even after all filtering steps.
This is not infrequent, and it is probably due to ticks activities on plant surfaces [14], as
well as to the fact that we did not use aggressive treatments to remove viruses present
on the cuticles. Apple Mosaic Virus (ApMV; Bromoviridae) was present in I ricinus col-
lected in Val di Non, located in the north-west of the Trentino-Alto Adige region and
well known in Italy for apple production. The presence of this virus in apple orchards
has been very rare since the 90s, when it became mandatory for young plants used for
restocking to be certified as ApMV free. It is true, however, that this virus can affect
more than 60 species of plants (hazelnut, birch, etc.) [42], so it is still possible to detect it
in the environment.

The most abundant viruses, in terms of RPKM, were Flaviviridae (in particular
TBEV; Supplementary Fig. 2). This probably reflects their capacity of reaching high
titers in ticks, which favors the possibility of transmission to other species. The detec-
tion of TBEV in some I ricinus samples from the Trentino-Alto Adige region confirms
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its circulation in the area, which is also close to other countries with a similar scenario,
like Austria and Germany. It is important to note that the I ricinus ticks that were posi-
tive to TBEV in this study came from a previous molecular screening of 2500 samples
[21], and that the frequency of infected ticks in nature is much lower. Surprisingly, we
detected this pathogen in a H. punctata sample from Sicily, which would make this the
first proof of the occurrence of this virus in ticks on the island, even though a suspected
case of autochthonous TBEV was recorded in 2018 [43]. This virus has been detected
even at southern latitudes in the past, such as in North Africa and Tunisia [44]. However,
the very low number of reads of the virus in the sample (well below the index-hopping
threshold, with read frequencies < 0.1%; see Methods), its close similarity and phyloge-
netic relatedness to the TBEV genome from the COR-N10 sample that was sequenced
together, and its fragmentation (5 different contigs that were merged together) suggests
the possibility of it being a false positive. Even though Sicily and Trentino-Alto Adige
are geographically distant, we cannot rule out that the very strong similarity between
the two genomes could be due to the role of migratory birds in the transportation of
the pathogen. All this evidence calls for further studies in Sicily to verify the presence of
TBEV.

The sampling process was not oriented to test differences between geographical areas
or tick species, given that the number and species of ticks collected differed by location.
This limitation prevented us from using beta-diversity indexes or to test the effect for a
possible influence of sex, location, species, life stage, number of ticks collected per pool
and other parameters on the viral profiles retrieved in the analysis.

To summarize, in this study we identified new genomes for recently identified tick
viral species, expanding the available taxon sampling. Our study confirmed ticks as a
rich source of viruses, other than bacteria and protozoa, but further and deeper ecologi-
cal, molecular and epidemiological analysis will be necessary to improve knowledge on
their pathogenicity and define potential public health risk.

4 Materials and methods

4.1 Tick collection

In order to provide a wide representation of Italy from North to South, ticks were col-
lected in three different areas spanning a large latitudinal distance: Trentino-Alto Adige
(Northern Italy), Lazio (Central Italy) and Sicily (Southern Italy). Ticks were collected in
2018 in Trentino-Alto Adige, in 2011-2012 in Lazio, and in 2020 in Sicily (the exact col-
lection dates and other details about sampling can be found in Supplementary Table 1).
At each location, questing ticks were collected by dragging or flagging the vegetation. All
ticks were identified microscopically by species, sex and life stage using taxonomic keys
[45]. Larvae were discarded. All individuals were washed once in 70% ethanol followed
by deionized water for 5 min, and then stored at — 80 °C until nucleic acid extraction.
Adults were treated individually, while nymphs were grouped in pools of 10. Samples
from different regions in Italy were directly collected by institutions officially authorized
to perform animal sampling and pathogen screening as part of an institutional research
mission by the Italian National Ministry of Health (Department of Infectious Diseases,
Istituto Superiore di Sanita; Istituto Zooprofilattico Sperimentale della Sicilia “A. Mirri”)
or by the provincial government (Research and Innovation Centre, Edmund Mach
Foundation).
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4.2 RNA extraction and sequencing

Ticks were homogenized in 350 pl of RLT buffer using a MM200 mixer mill (Retsch).
Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and quantified with Qubit
2.0 Fluorometer (Thermo Fisher Scientific). Potential traces of genomic DNA were
removed through the TURBO DNA-free kit (Thermo Fisher Scientific). RNA integrity
was assessed using a 2200 Tapestation (Agilent Technologies). Host rRNA was depleted
and sequencing libraries prepared using the Zymo-Seq RiboFree Total RNA Library Kit
(Zymo). Library fragment size distribution was checked on a 2200 Tapestation (Agilent
Technologies) and concentration quantified using the KAPA Library quantification kit
(Roche) on a LightCycler 480 Real-Time PCR System (Roche). Sequencing libraries were
pooled in equimolar amounts and sequenced on a NovaSeq 6000 platform (Illumina)
at the Institute of Applied Genomics (IGA, Udine, Italy). All extraction and sequencing
procedures involving ticks were conducted following BSL-3 biosafety protocols.

4.3 Reads processing and genome assembly

A total of 1,110,547,774 paired-end sequence reads 150-bp long were generated and then
sorted by index sequences (all read stats can be found in Supplementary Tables 2—-3). An
in-house analysis pipeline was used to process the data. Briefly, adapter sequences were
trimmed from the reads using Cutadapt v1.16 [46], and low-quality reads were removed
by Trimmomatic v0.36 [47]. The host background was removed by aligning the filtered
reads against the full genome of the closest related species available in GenBank at the
time of the study (Ixodes ricinus assembly GCA_000973045.2; Rhipicephalus microplus
assembly GCA_002176555.1; Haemaphysalis longicornis assembly GCA_008122185.1)
using Bowtie2 v2.3.4.1 [48]. rRNA reads were filtered out using SortMeRNA v2.1 [49]
with default settings (six SILVA SSU/LSU databases and two RFAM databases). The
resulting reads were de novo assembled using both Spades v3.11.1 [50] and Trinity v2.6.6
[51] assemblers. The dataset generated and analyzed in this study is available in the NCBI
Sequence Read Archive (SRA) repository under the accession number PRINA1068039.

4.4 ldentification of putative viral contigs

Contigs from the two assemblers were pooled and clustered to remove duplicated or
highly similar sequences using USEARCH v11.0.667 [52] with a 90% threshold iden-
tity value. The contigs centroids of the clusters were subjected to BLASTn v2.11.0 [53]
alignment against the NCBI RefSeq viral nucleotide database (release 200) [54] with an
E-value cutoff of 1e-05. Sequences that showed low or no homology at the nucleotide
level were compared against the NCBI RefSeq viral protein database using BLASTx
v2.11.0 search with an E-value <le-03. Sequences with a significant hit at either step
were considered viral candidate sequences. In order to remove false-positive viral hits,
these sequences were further subjected to a second series of similarity searches: the con-
tigs were screened against the entire NCBI nucleotide database (nt) using BLASTn with
an E-value cutoff of le-10, and those viral candidates without significant BLASTn hits
were searched by BLASTx against the complete GenBank non-redundant protein data-
base (nr) using an E-value cutoff of 1e-03. For each BLAST search, the top 5 BLAST hits
for each sequence were retained and a query was considered viral if the best hit cor-
responded to a viral subject, for a total of 2197 putative viral contigs. The best hits were
filtered further for contig length > = 1000 bp, E-value < = 1e-20, match length > = 300
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and identity > = 60, obtaining a set of 173 contigs. To further detect complete genomes
of distantly related viruses, avoiding false negatives, we retained for a later inspection
all contigs longer than 7000 bp that didn’t pass the filtering, resulting in another set of 7
contigs. The two sets were merged and each contig was aligned against the correspond-
ing reference that was used as subject in the BLASTn search using MAFFT v7.490 [55].
Putative contigs with overlapping ends were merged together by using the results of
the BLASTn table and by manually inspecting the alignments with BioEdit v7.2.5 [56].
When two or more contigs belonging to the same viral species were assembled from the
same sample, the longest contig was selected if the region shared by the contigs showed
> 95% sequence identity. Otherwise, both contigs were retained and considered as two
possible strains or species. Contigs < = 1500 bp with short, matched regions in the
BLAST searches (< 50% of breadth of coverage to the reference genome) and showing
low identity (< 75%) to the whole genome or to a viral marker different from RdRp were
not analyzed further, as the available information was considered insufficient to reliably
assign them as viral. The complete table showing all data for the 180 contigs, together
with detailed information about the manual curation step, can be found in Supplemen-
tary Table 4. Eventually, a set of 99 contigs was used for the following steps of the analy-
sis. This set was further annotated, and all metadata (including the GenBank accession
numbers obtained for each sequence) can be found in Supplementary Table 5.

4.5 Depth and breadth of coverage

Genome coverage for each of the 99 selected contigs was calculated by mapping the
clean reads (the set which was quality checked and filtered for the host genome and
rRNAs) against the selected contigs using Bowtie v2.3.5.1 [48] and obtaining sorted bam
files with SAMtools v1.3.1 [57]. The number of reads that mapped against each contig
and the total number of reads for each library were calculated using SAMtools v1.3.1.
The depth and breadth of coverage for each contig were calculated with CMseq v1.0.4
(https://github.com/SegataLab/cmseq), using a set of different coverage thresholds per
base (“--minqual” 3, 5 and 10) and a minimum base quality of 30 (--minqual 30), and can
be found in Supplementary Table 6. All these data were used to validate the contigs that
were merged in the previous steps. According to the breadth and depth of coverage, the
contigs were classified into 3 different categories: low quality contigs (breadth < 0.9 and/
or depth < 5), high quality contigs (breadth > 0.99 and depth > 50) and, in all other cases,
they were defined as medium quality contigs.

4.6 Quality control and validation using standard viromic tools
We further checked the set of the 99 putative viral contigs and benchmarked our results
by running CheckV v1.0.3 [58] and geNomad v1.8.0 [59].

4.7 Genome annotation

All genomes were annotated using both Prokka v1.14.6 [60], with the “--meta --viruses”
options enabled, and TransDecoder v5.7.1 [61]. For the TransDecoder analysis, the pro-
gram was first run with the option “TransDecoder.LongOrfs” The output (longest_orfs.
pep) was then used for a BLASTp search against SwissProt database, with an E-value
of le-5, and for running hmmsearch against Pfam (Pfam-A.hmm), with an E-value of
le-10. Eventually, we obtained the final predictions by running “TransDecoder.Predict”
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with the contigs and the results of the BLAST and hmm searches as input files. All anno-
tations were manually checked and merged together.

4.8 Viral taxonomy

We used results from the BLAST searches, read mapping and from the genome anno-
tation to taxonomically classify the identified viral contigs. To assign taxonomy, we
referred to the current ICTV guidelines specific to each taxon (see Supplementary Table
7). When specific criteria were not available, species showing > = 80% identity on the
whole genome or > = 90% identity for the RdRp gene relative to a known species were
assigned to the closest viral species (and marked as known viruses, “kv”), whereas the
others were considered putative new viruses (referred to here as “pnv”), as previously
described in other studies [62—65]. Further information about taxonomy was obtained
from the output of geNomad (see the paragraph “Quality control and validation using
standard viromic tools” above).

4.9 Genome comparisons

The annotated genomes that were taxonomically assigned in the previous step were
compared with the genomes of the closest reference using clinker v0.0.28 [66], to check
for gene presence, order and sequence similarity. The annotations obtained with Prokka
and TransDecoder were compared to the clinker plots, enriching and completing the
comparison between the new contigs and the reference.

4.10 Phylogenetic analysis and validation of putative new viral species

The selected hits were filtered excluding low-quality sequences (ambiguous characters
> = 10%). We attempted to reconstruct the phylogeny for each identified UViG. In par-
ticular, for known viral groups, we downloaded all available reference genomes with the
associated metadata from NCBI, while for the unknown UViGs we did the same using
the closest reference (access date to NCBI: 31/07/2023), generating a database contain-
ing all genomes from this study and all the available references for each UViG. Datasets
were cleaned and filtered using in-house Python scripts (available at https://github.com/
andrea-silverj/BioinfoToolkit). For example, for TBEV we included all available complete
(or nearly complete) TBEV genomes in GenBank at the time of this study (n = 282) and
the new assembled genomes, for a total of 287 sequences. All datasets with less than 4
sequences were discarded, as that represents the minimum number of units to perform
phylogenetic inference. Sequences of each set were aligned using MAFFT and trimmed
with trimAl [67] (--gappyout). Phylogeny was reconstructed using RAxML v8.1.15 [68],
with the options “raxmlHPC-PTHREADS-SSE3 -p 1989 -m GTRGAMMA -x 2483 -#
100 -f a -T 207 specifying the identified model for each database. The resulting trees
were inspected with FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and annotated
and plotted using the retrieved metadata and the ggtree package implemented in Rstu-
dio build 382 [69]. Phylogenetic trees at the family level were built for the 10 putative
identified viral species. The RdRp or Rep proteins of each new putative virus were used,
and we built a database of RdRp or Rep proteins for each viral family that was associated
with the putatively new species (i.e., Botourmiaviridae, Chuviridae, Unclassified Cirlivi-
rales, Peribunyaviridae, Orthototiviridae, Virgaviridae) by downloading a curated RdRp
virus family database from the website of the International committee on Taxonomy
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of Viruses (https://ictv.global/), which in the case of the Virgaviridae family was also
expanded with strains coming from another study [70]. For the Unclassified Cirlivi-
rales family, we retrieved representative genomes for all families belonging to this group
(Circoviridae, Vilyaviridae, and Endolinaviridae), using the most updated ICTV classifi-
cation. Alignments were obtained as above, and trees were reconstructed using RAxML
v8.1.15, with the options “raxmlHPC-PTHREADS-SSE3 -p 1989 -m PROTGAMMA-
AUTO -x 2483 -# 100 -f a -T 20” We folded the Rep proteins of six representatives of
our Cirlivirales phylogeny (based on the distances obtained from the maximum likeli-
hood phylogenetic tree; see Supplementary Fig. 7), including a representative from our
Cirlivirales sp. (which all shared 100% identity among each other for the Rep protein),
using the AlphaFold3 web server [71]. The representative structure of the Cirlivirales sp.
contigs was used as query to search the BEVD, CATH50, and PDB100 databases [72—74]
through the Foldseek [75] web server (search results were stored in Supplementary Table
8), identifying distant relatives. The top five hits against each database were aligned and
included in a phylogeny based on 3Di characters with the Foldmason web server [76]. All
folded structure, as well as the structural multiple sequence alignments and the resulting
trees, can be accessed at https://github.com/andrea-silverj/TickVirome_IT/tree/main/a
nalyses/cirlivirales_structural_analysis.

4.11 Quantification of viral abundance
We estimated viral abundance in each library using reads per million (RPM), reads per
kilobase per million (RPKM), and transcript per million (TPM) using custom R scripts.

4.12 PCR confirmation of TBEV positive samples

We used the results of previous study [21], which used PCR methods [77] to test the
presence of TBEV in a wide range of tick samples from Trentino (some of which were
included in the present study) to validate our findings deriving from metagenomics anal-
yses. In all cases results were coherent with what we found using metatranscriptomics,
representing a further and independent validation of our approach.

4.13 Contamination control

When sequencing multiple libraries simultaneously on the same flow cell, a phenome-
non known as index-hopping can result in a small proportion of reads being misassigned
to the wrong sample. This phenomenon is known to affect several sequencing platforms
[78], including the one used for this study (Illumina NovaSeq 6000). To minimize the
impact of this technical artifact on downstream analyses, a stringent filtering threshold
was applied. Reads for a virus present at a frequency of less than 0.1% compared to the
most abundant reads of that virus in another library were considered likely to represent
contamination caused by index-hopping [78].

4.14 Identification of non-viral microbes

We analyzed the unfiltered reads for bacterial rRNA to check for the presence of bacte-
rial species. Microbial profiles were obtained for each sample using MetaPhlAn-4 [79],
which was run using the mpa_vOct22_CHOCOPhIAnSGB_202212 database. Relative
abundances were calculated using the output table of MetaPhlAn-4, which is set on the
calculation on DNA data.
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4.15 Alpha diversity and statistical tests

Alpha diversity was calculated using a custom R script in which homemade functions to
calculate the Shannon index and the Inverse Simpson index were developed. The func-
tions were applied on the TPM values calculated at the species level. Overall differences
among species and regions were tested for significance using Kruskal-Wallis test, while
individual comparisons among the same categorical variables were assessed with a pair-
wise Wilcoxon rank-sum test (applying the Bonferroni correction).
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