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Metavirome of 31 tick species provides a 
compendium of 1,801 RNA virus genomes
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The increasing prevalence and expanding distribution of tick-borne viruses 
globally have raised health concerns, but the full repertoire of the tick 
virome has not been assessed. We sequenced the meta-transcriptomes of 
31 different tick species in the Ixodidae and Argasidae families from across 
mainland China, and identified 724 RNA viruses with distinctive virome 
compositions among genera. A total of 1,801 assembled and complete or 
nearly complete viral genomes revealed an extensive diversity of genome 
architectures of tick-associated viruses, highlighting ticks as a reservoir 
of RNA viruses. We examined the phylogenies of different virus families to 
investigate virome evolution and found that the most diverse tick-associated 
viruses are positive-strand RNA virus families that demonstrate more 
ancient divergence than other arboviruses. Tick-specific viruses are often 
associated with only a few tick species, whereas virus clades that can infect 
vertebrates are found in a wider range of tick species. We hypothesize that 
tick viruses can exhibit both ‘specialist’ and ‘generalist’ evolutionary trends. 
We hope that our virome dataset will enable much-needed research on 
vertebrate-pathogenic tick-associated viruses.

Arthropods, such as ticks, mosquitos and fleas, are among the most 
abundant animals on Earth and can transmit a variety of viruses (arbo-
virus) to humans and animals1. The arboviral transmission cycle always 
involves the intricate interactions among viruses, arthropod vectors 
and animal hosts, inherently shaping the evolution and diversifica-
tion of the viruses. Ticks (Acari: Ixodida) are obligate blood-feeding 
vectors and an ideal model for studying arbovirus transmission owing 
to their three life stages (larvae, nymphs and adults), blood-feeding 

of each life stage on various animal hosts, and adaptation to diverse 
ecological environments. Compared with other haematophagous 
arthropods, ticks maintain and transmit the widest array of human 
and animal pathogens2.

Tick-borne viruses are a global health concern due to the increas-
ing prevalence and geographical coverage of ticks, and the potential 
for them to vector emerging and re-emerging viruses3,4. Although the 
viromes of several tick species have been reported5–13, the complement 
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Factors shaping the tick virome
The large-scale meta-transcriptomes from a wide range of tick species 
across various geographic locations allowed us to investigate potential 
vector-associated evolutionary and ecological factors contributing 
to the diversity of tick viromes, which were largely unknown. We used 
operational taxonomic units (OTUs) to characterize the viral diver-
sity of our tick samples, considering a large amount of unclassified 
novel viruses. We showed that the tick virome was distinctive among 
different genera of hard ticks using t-SNE (t-distributed stochastic 
neighbour embedding) (Fig. 2a). The disparate virome configurations 
within the genus Rhipicephalus could be further clustered by ecoge-
ographical distribution of the tick samples (Extended Data Fig. 2a).  
An in-depth investigation revealed that the different tick genera had 
different compositions of vertebrate-associated viruses, but they 
shared more similar compositions of either invertebrate-associated, 
or plant/fungi-associated viruses (Extended Data Fig. 2b). This implies 
that the community structures of vertebrate-associated viruses are 
constrained at the tick genus level. Furthermore, ticks in the genus 
Ixodes and Rhipicephalus had significantly higher α diversity of the 
tick virome than other tick genera (Kruskal–Wallis test, P < 0.05)  
(Fig. 2b and Extended Data Fig. 3). Ixodes is the largest genus of hard 
ticks with over two hundred species. This implies that the number 
of viruses maintained by animals increases with animal species rich-
ness19. The high species number of Ixodes might partially explain its high 
virome diversity. Rhipicephalus includes species with global distribu-
tion, such as R. microplus and R. sanguineus20. Their high virus diversity 
might be associated with their invasive behaviour and extensive infes-
tation21. However, the virome pattern between different tick species 
was not discriminable unless under the same ecogeographic regions 
(Extended Data Fig. 4), suggesting unknown factors complicating com-
positional variations in viromes across tick species.

Interestingly, when the ecogeographical distribution of ticks was 
studied, we found significantly higher virome diversities in areas with 
two or more tick species within the radius from 10 to 200 kilometers (km) 
than those with only single tick species (Mann–Whitney U test, P < 0.001) 
(Fig. 2c: 50 km radius; Extended Data Fig. 3). One possibility is that a 
region with more species of animals and plants might have more spe-
cies of ticks, leading to more species of tick-associated viruses. Another 
possibility is that the greater viral diversity observed in areas with two 
or more tick species might be due to the inclusion of a tick species with a 
more diverse virome. It warrants further study whether this phenomenon 
is a plausible result of intricate ecological interaction between hosts, 
vectors and viruses in shared habitats of different tick species.

Our previous genomic investigation of six major tick species 
reported that genetic lineages of ticks had different bacterial loads22, 
but little is known about their association with viral diversity. On the 
basis of nuclear single-nucleotide polymorphisms called from the 
meta-transcriptome data22, both Dermacentor silvarum and R. micro-
plus were classified into two lineages in this study. One lineage of  
D. silvarum, mainly from Hebei province, had lower virome diversity 
than the other from Jilin province (Mann–Whitney U test, P < 0.01). 
A similar pattern was observed in R. microplus, where lineage 1 ticks 
sampled from the Guangdong province had lower virus diversity than 
lineage 2 ticks from Yunnan province (Mann–Whitney U test, P < 0.01) 
(Fig. 2d). Despite the significant difference in virome diversity between 
the two genetic lineages of a tick species, it should be noted that the 
genetic difference of a tick species doesn’t necessarily determine its 
virome diversity. The vertebrate host distribution in different regions 
or provinces has not only contributed to the presence of tick lineages, 
but also plays an indispensable role in the tick virome. We also detected 
differential gene expression between the lineages with significantly 
different virome diversity and found that the expression of genes 
involved in immune pathways, such as complement activation, were 
significantly lower in ticks with greater virome diversity (Kolmogorov–
Smirnov test, P < 0.01). Complement-like molecules are known to play 

of the tick virome remains to be reported. Notably, arboviruses are 
transmitted horizontally by blood-feeding invertebrate vectors but 
can also be transmitted vertically from an infected female tick to its 
offspring. Both types of transmission have shaped the evolutionary 
trajectory of arboviruses14–16. The evolutionary and ecological charac-
teristics of tick-associated viruses, either as multiple-host generalists 
or single-host specialists, remain unclear.

Here we carried out a large-scale meta-transcriptomic study of 31 
tick species from mainland China to characterize the tick virome, iden-
tify factors shaping viral composition and investigate the evolutionary 
history of tick-associated viruses. Our analyses provide resources for 
research into arbovirus transmission from ticks to humans or animals.

Results
Analysing the tick virome
We analysed 31 tick species from six genera (Ixodes, Amblyomma, 
Haemaphysalis, Hyalomma, Dermacentor and Rhipicephalus) in 
the Ixodidae family and two genera (Ornithodoros and Argas) in the 
Argasidae family, which were sampled from 148 sites in 30 provinces, 
metropolises or autonomous regions of mainland China (Fig. 1a). The 
geographic range and distribution of the ticks varied from species 
to species (Supplementary Tables 1–4). The most dominant species 
was Haemaphysalis longicornis, which accounted for 39.2% and were 
collected from 20 of 30 provinces (Fig. 1a). Five tick species were col-
lected from two provinces, that is, Guangxi (a southern province) and 
Jilin (a northeastern province). Two to three tick species were usually 
collected from most provinces. Tick samples were pooled according 
to species, sex, collection site and blood-feeding status, and the total 
RNA was extracted from each pool. As a result, we included 8,182 adult 
ticks in the study, and successfully constructed 607 RNA libraries for 
Illumina HiSeq sequencing.

From 46 billion 100–150 bp paired-end reads generated in the 
study, we de novo assembled 207 million contigs after removing 
rRNA reads, using previously described methods with slight modi-
fications (Online Methods)17. We excluded endogenous virus ele-
ments, bacteriophage, retrotransposons and DNA viruses from 
our study. Viral RNA reads accounted for 3.5 × 10–7–13.6% of the 
total reads within each library, with an interquartile range (IQR) of 
0.03%–0.3% (Fig. 1b). We subsequently had a total of 116,359 contigs 
assigned to RNA viruses, from which a total of 1,801 complete or 
nearly complete viral genomes were assembled. The completeness 
of viral genomes is listed in Supplementary Table 6. These contigs 
shared identities either with 59 established RNA viral families, which 
are known to infect vertebrates, invertebrates, plants and fungi, 
or with a group of unclassified RNA viruses (Fig. 1c and Extended 
Data Fig. 1). It is possible that some viral families were from undi-
gested blood, vegetation or body surface of animal hosts; however, 
the co-occurrence of many families in different tick species from 
various geographical locations provided strong evidence for their 
association with ticks. The reads belonging to the nine common 
viral families, including Rhabdoviridae, Totiviridae, Phenuiviridae, 
Partitiviridae, Botourmiaviridae, Chuviridae, Orthomyxoviridae, 
Peribunyaviridae and Narnaviridae, were highly abundant, account-
ing for 25%–42% of total viral reads in the eight tick genera. Five 
viral families (Nairoviridae, Flaviviridae, Reoviridae, Chrysoviridae 
and Deltaflexiviridae) were common only in hard (ixodid) ticks, 
while Rhabdoviridae, Partitiviridae and Chuviridae were abundant 
in soft (argasid) ticks (Fig. 1d). Soft ticks differ from hard ticks in 
their endophilic behaviour and usually live near their favourite host 
(in its burrows, nests or resting areas)18, which may correlate with 
their different virome composition. Among the top 32 RNA viral 
families identified in ticks here, 23 (78%) had also been reported 
in mosquitos, nine (28%) in biting midges and seven (21%) in mites, 
indicating the similarity in virome structures among blood-sucking 
arthropods (Fig. 1e).
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an important role in immune responses against bacteria and viruses in 
ticks23. These findings indicate that the tick lineages with suppressed 
innate immunity might better tolerate various viruses, thus leading to 

more diverse viromes. Further studies are required to validate the asso-
ciation between the tick immune system and virome diversity, which 
may pave a broad avenue for virus inference via genetic manipulation.
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Fig. 1 | Overview of the tick virome. a, Geographic map of sample collections. The 
size of the circle represents the number of tick samples collected in the area. Each 
sampling site was geo-referenced to the Chinese map on the basis of its latitude and 
longitude. b, The proportion of viral RNA reads in non-ribosome reads among ticks 
in family Argasidae and six genera of the family Ixodidae. c, The relative abundance 
of the top 32 viral families (>1 per ten thousand viral reads in any tick species) 

detected in each tick species. d, The relative virus abundances (viral read counts 
per million non-rRNA reads in each library) and positive rates of the top 20 viral 
families among ticks in the family Argasidae and six genera of the family Ixodidae. 
e, Comparison between viral families detected in our ticks and those previously 
reported in other arthropods. The detection approaches for viral families in other 
arthropods include RT–PCR, RNA-seq or both.
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We subsequently explored individual factors that possibly contrib-
ute to the virome component of ticks (Extended Data Fig. 5). Fed ticks 
in the genus Haemaphysalis had significantly higher virome diversity 
than unfed ticks (Mann–Whitney U test, P < 0.05). By contrast, fed 
ticks in the genus Ixodes and Rhipicephalus had significantly lower 
virome diversity than unfed ticks (Mann–Whitney U test, P < 0.01). 
Theoretically, fed ticks should at least have similar diversity as unfed 
ticks because fed ticks can also acquire additional viruses during the 
blood meal. The impact of blood-feeding on virome diversity seemed 
to vary between tick genera. Whether the lower virome diversity of fed 
Ixodes and Rhipicephalus ticks may be due to some kind of inhibition 
from the host blood, such as antimicrobial peptides (AMP) and com-
plement, deserves further investigation. The virome diversity of male 

ticks in the genus Rhipicephalus was significantly higher than those of 
females (Mann–Whitney U test, P < 0.05) (Fig. 2e).

Evolutionary history of tick-associated RNA viruses
The phylogeny of five major RNA virus phyla was constructed on the 
basis of RNA-dependent RNA polymerase (RdRp) domain to understand 
the evolution of tick-associated viruses (Fig. 3a). The overall tree topol-
ogy showed that the viruses detected in this study dispersed in all five 
phyla including Pisuviricota (double-stranded (ds)RNA and positive 
single-stranded (+ss)RNA), Kitrinoviricota (+ssRNA), Lenarviricota  
(+ssRNA), Negarnaviricota (negative single-stranded (−ss)RNA) and 
Duplornaviricota (dsRNA). In particular, 41.5% of the viruses were 
+ssRNA viruses, 28.5% were −ssRNA viruses, 1.6% were dsRNA and 
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28.3% were unclassified viruses, suggesting the specific preference 
for +ssRNA in the tick virome.

Majority (46.5%) of tick-associated viruses among all virus spe-
cies in the phylogenetic tree (Fig. 3a) belonged to the Lenarviricota 
phylum, within which there was extensive viral diversity. Lenarviricota 
is a direct descendant of the bacteriophage, Leviviridae-like viruses, 
and diverged into three families (Narnaviridae, Botourmiaviridae and 
Mitoviridae)24. Horizontal virus transfer among distinct hosts including 
plants, fungi and invertebrates was proposed to play a key role in the 
evolutionary pathway of Lenarviricota25. Notably some tick-associated 
viruses formed a separate clade that was sandwiched between  
Mitoviridae and Narnaviridae (Fig. 3a), indicating the involvement 
of ticks during horizontal virus transfer. We also observed that 
tick-associated viruses formed the ancestry clade to Aspiviridae and 
Peribunyaviridae families of −ssRNA viruses.

To further study the evolutionary history of tick-associated 
viruses, we included viral RdRp sequences from other arthropods  
(Fig. 1e) and compared their phylogenetic distances to the root of fami-
lies that they were derived from. We found that tick viruses branched off 
from more ancient positions compared with other arthropod viruses 
(11 out of 19 viral families), including 5 of 6 +ssRNA virus families, 3 of 
9 −ssRNA virus families and 3 of 4 dsRNA virus families (Fig. 3a and 
Supplementary Table 5). These findings indicate that tick-associated 
viruses possess a basal position in the evolutionary history of RNA 
viruses, especially for +ssRNA viruses. More importantly, we provide 
further evidence that arthropods play a largely unnoticed role in the 
early evolution of viruses among terrestrial animals, although it is 
believed that RNA viruses originated from the ocean ecosystem26.

From the meta-transcriptome data, we identified a total of 724 
RNA viruses (Supplementary Table 6). Among them, 223 viruses shared 
over 90% amino acid similarities of the RdRp domain with known 
viruses, around 70% of which had never been identified in ticks before. 
Notably, about 8% of the viruses in ticks had been reported in other 
arthropods, including moths, bees, flies, spiders and mosquitos (Sup-
plementary Table 7). It is usually thought that the viral species in one 
kind of arthropod have rarely been detected in other kinds. The pres-
ence of a few other arthropod-associated viruses in ticks is interesting 
and warrants further exploration. The remaining 501 RNA viruses share 
22.4–89.9% (mean: 59.1%) amino acid identities to known viruses and 
form separate monophyletic lineages that diverged at different viral 
taxonomic levels. Among those putative novel viruses, 467 fell into 59 
currently defined families, while the other 34 divergent RNA viruses 
were sufficiently distinct from other known family or order lineages in 
the phylogenies, and were collectively grouped into 7 putative ‘super-
clades’ with the currently defined virus orders, families and floating 
genera. These novel viruses were mostly sibling to known families 
(for example, Mitoviridae, Togaviridae, Tymovoridae, Mesoniviridae, 
Hepeviridae), except for two groups that were ancestral to Aspiviridae 
and Perbunyaviridae (Fig. 3b). The discovery of the divergent viruses 
fills in the missing pieces of RNA virus diversity and highlights the role 
of ticks in virus divergence.

We then constructed family-level phylogenies on the basis of 
the RdRp domain to better characterize tick-associated viruses 
(Supplementary Fig. 1). We found that most of the highly abundant 
viruses were phylogenetically dispersed in the well-known arbovirus 
families (including Peribunyaviridae, Nairoviridae, Phenuiviridae, 

Orthomyxoviridae, Flaviviridae, Reoviridae and Rhabdoviridae) that 
contained zoonotic or epizootic pathogens (Fig. 3c–i). It was par-
ticularly interesting that tick-associated viruses occupied the ances-
tral position among the classical arbovirus genera, as exemplified by 
orthobunyavirus, phlebovirus, sabavirus and coltivius (Fig. 3c–f).

Importantly, the above phylogenies revealed that the 
tick-associated viruses in each family (except for family Orthomyxo-
viridae) could generally be classified into two categories (Fig. 3c–i). 
A category of viruses had so far only been detected in ticks and form 
separate phylogenetic clades (denoted as ‘tick-specific clades’) in each 
of the viral families. The other category of viruses, clustering in distinct 
clades, was not only identified in ticks but was also previously reported 
in various animals (denoted as ‘non-tick-specific clades’). We found 
that the tick viruses in non-tick-specific clades had a higher Shannon 
index of tick species than the viruses in tick-specific clades in 4 out of 
6 virus families including Flaviviridae, Nairoviridae, Peribuynaviridae 
and Phenuiviridae, and a higher Shannon index of ecotypes in 3 out of 
6 virus families (Supplementary Table 8). In addition, the viruses in 
tick-specific clades had a lower phylogenetic association index with 
tick species than those in non-tick-specific clades (P < 0.05), indicating 
significant clustering and stronger co-divergence between viruses and 
tick species (Supplementary Table 8).

Genomic characteristics of tick-associated RNA viruses
Putative genome annotation of the assembled 1,801 complete or nearly 
complete (Supplementary Table 6) viral genomes summarized here 
showed a wide diversity of genome architectures (Extended Data  
Figs. 6–9). Although most of the tick virus genome organizations were 
similar to those of invertebrates viruses27–29, some of them exhibited 
extensive variation. Notably, segment or gene loss was mostly observed 
in tick-specific clades (8/10 clades), such as the lack of glycoprotein 
or nucleoprotein in the Phenuiviridae, Nairoviridae and Peribunya-
viridae families, and the loss of non-structural genes in Rhabdoviridae 
(Fig. 4). However, only 2 out of 12 non-tick-specific clades had seg-
ment loss. These findings imply that the resultant genome deficiency 
in the tick-specific clade might have limited the viral infectivity to a 
narrower host range, for instance, due to the lack of glycoprotein for 
attaching to host receptors. Furthermore, we also found that the gain 
of non-structural genes mostly occurred in +ssRNA (Botourmiaviridae, 
Fusariviridae, Mitoviridae, Tymoviridae and Virgaviridae) and dsRNA 
(Partitiviridae and Totiviridae) viruses. Among them, Botourmiaviridae, 
Mitoviridae and Totiviridae showed longer genome length, especially 
in replicase-related genes, some of which were strikingly twice the 
size of previously documented viruses (Extended Data Figs. 7 and 8).

Human pathogenic tick-associated RNA viruses
We assembled 11 (including 1 dsRNA, 2 +ssRNA and 8 −ssRNA) viruses 
known to be pathogenic to humans in 20 (64.5%) tick species. Among 
these 11 viruses, Yezo virus and Eyach virus, which are viral pathogens 
circulating in Japan30 and Europe31, were first detected in China. In most 
cases, tick-associated human viral pathogens are harboured by multiple 
tick species (Extended Data Fig. 10a). Nairobi sheep disease virus, which 
has been reported to infect humans working in the laboratory32, was 
identified in H. longicornis in a wide range of areas. However, Tamdy 
virus and Eyach virus, which on the basis of serological surveys have 
been known to infect humans, were only found in Hyalomma asiaticum 

Fig. 3 | Phylogenetic analysis of tick-associated viruses. a, The maximum-
likelihood phylogeny of RNA viruses of five phyla. The outside circle represents 
the relative abundance estimated by read counts per million non-rRNA reads. 
Parental nodes of viral families are marked with yellow asterisks, while families 
in which tick viruses possessed a more ancestral position than other arthropod 
viruses are marked with red asterisks . b, Order-level phylogenic trees of  
seven RNA virus ‘superclades’ distinct from the defined viral families.  
c–i, Family-level phylogenic trees of seven arboviral families. Scale bar,  

amino acid substitutions per site. Bootstrap values above 0.8 are shown with grey 
asterisks. The phylogenetic clades of viruses only found in ticks (‘tick-specific 
clades’) are coloured green, while those of viruses whose host range includes 
vertebrates and ticks (‘non-tick-specific clades’) are highlighted in red. j, The 
ecosystem of the tick’s life cycle and transmission of tick-associated viruses. 
The grey viruses inside the tick life cycle represent tick-specific viruses. The 
multicolour viruses between tick and animal hosts or living in the environment 
indicate non-tick-specific clades of viruses.
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and I. persulcatus ticks at restricted geographical regions of northwest-
ern and northeastern China, respectively33,34 (Extended Data Fig. 10b). 
We propose that other factors, such as tick and host densities, contact 

between tick and human or virus–host interaction, might contribute 
to the likelihood of cross-species transmission. Notably, more viral 
pathogens were detected in ticks from northeastern China compared 
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with other areas (Extended Data Fig. 10b). The complex ecological 
niches of ticks might contribute to the emergence of various pathogens 
in this region because the biodiversity of the hosts and vectors could 
impact viral transmission35,36.

Discussion
We analysed the tick RNA virome present in 31 tick species from two 
tick families across mainland China using meta-transcriptomics. We 
detected reads with sequences homologous to 59 RNA viral families 
(Fig. 1c), which at least triples the reported viral families present in 
ticks worldwide37. Ticks developmental stages include larva, nymph 
and adult, and each stage sucks blood from animal hosts that include 
mammals, birds, reptiles and amphibians. Their life cycle enables 
ticks to harbour a reservoir of diverse ds and ssRNA viruses that have 
the potential to infect a broad range of hosts. It has been suggested 
that vertebrate and plant viruses, especially in negative-sense RNA 
viruses, emerged from the arthropod virome27. Using our evolu-
tionary analyses, we report that ticks have developed RNA virus 
reservoirs after long-term interaction with different viruses from 
multiple hosts.

The finding that viruses in non-tick-specific clades tend to be 
found in more diverse tick species and ecotypes is interesting, and 
suggests that some tick viruses have evolved into generalists, with 
suitable genetic architectures and plasticity towards better tolerance 
of different ticks and hosts compared with specialist viruses in the 
tick-specific clades.

Mosquito-borne viruses also evolve towards generalization or 
specialization16,38. Some viruses, such as the Chikungunya virus39, 
are probably generalists that have evolved under conditions of host 
breadth and increased infectivity to vertebrate hosts, while others are 
specialists that benefit from adaptation to a single host40.

The tick RNA-virome composition, especially that of vertebrate- 
associated viruses, was distinctive at the genus but not at the species 
level of ticks. Biological characteristics as well as life cycle traits of 
different tick genera might have determined their host preference or 
ecology, and subsequently shaped their virome after long-term adapta-
tion. Viruses present in various tick species or in diverse ecotypes are 
probably more capable of infecting multiple hosts. However, addi-
tional factors that predispose tick-associated viruses to a variety of 
animals should be further explored as some tick-borne pathogens were 
detected only in a single tick species. The tick virome dataset generated 
in our study should benefit the community and enable in-depth study 
of tick-associated RNA viruses.

Methods
Sample collection
From March 2016 to October 2019, ticks were collected from 30 prov-
inces, metropolises or autonomous regions of mainland China. The 
collection sites were selected according to their ecological environ-
ments, including coniferous forest, steppe, farmland, desert, shrub-
land and tropical forest. Ticks were collected by dragging a standard 
1 m2 flannel flag over vegetation or from domestic or wild animals such 
as cattle, dogs, sheep, goats, cats, rabbits, camels, deer and boars. 
The latitude and longitude of each collection site were recorded. The 
species, gender and developmental stage of each tick were identified 
by entomologists. Adult ticks were used for meta-transcriptomics 
analysis, including 31 tick species (Fig. 1a) from the family Argasidae 
(2 genera) and Ixodidae (6 genera). Live ticks were transported to 
the laboratory and thoroughly sterilized (two successive washes 
of 70% ethanol for 30 s), then stored at −80 °C. Ticks were divided 
into pools on the basis of tick species, gender, sampling sites and 
blood-feeding status.
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RNA preparation and sequencing
Extraction of total DNA and RNA from pools of ticks was performed 
using the AllPrep DNA/RNA mini kit (Qiagen) with modifications. 
Briefly, ticks were homogenized in RLT solution under liquid nitrogen. 
The homogenate was then incubated at 55 °C for 10 min with protein-
ase K (Qiagen) and centrifuged for 30 s at 15,000 g. The homogenized 
lysate was transferred to an AllPrep DNA spin column and centrifuged 
for 30 s at 8,000 g. The AllPrep DNA spin column was used for later 
DNA purification, and the flow-through was used for RNA purification 
following the manufacturer’s instructions. The extracted DNA was set 
aside for later use (described elsewhere).

The extracted RNA was quantified using Qubit 4.0 fluorometer, 
and RNA quality was assessed using an Agilent Bioanalyzer 2200 (Agi-
lent). The ribosomal RNA was removed using RiBo-Zero Gold rRNA 
removal reagents (Human/Mouse/Rat) (Illumina). Then, the sequenc-
ing library was prepared following the Illumina standard protocol. 
Paired-end (2 × 150 bp) transcriptome sequencing (RNA-seq) of the 
RNA library was performed on an Illumina HiSeq 4000 platform at 
Novogene Tech.

Discovery and assembly of viral genomes
Raw sequencing reads were first subjected to adapter removal and qual-
ity trimmed using Trimmomatic v0.39 programme41. Clean reads were 
de novo assembled using the Trinity v2.8.5 programme42. All assembled 
contigs with length above 200 bp were subjected to BLASTN against 
all non-redundant nucleotide databases using a local BLAST tool43 and 
BLASTX against all non-redundant protein databases downloaded from 
GenBank using DIAMOND44 v0.9.24. A significant hit was defined by an 
E-value smaller than 1 × 10−6. All contigs that shared homology with the 
virus were kept for second-round filtering to eliminate endogenous 
viral elements. All putative viral contigs that had overlapping regions 
(>100 bp) and a threshold value of 95% similarity were first merged 
using the SeqMan programme of Lasergene package v7.1 (DNAstar)45. 
Then, all re-merged contigs were compared with a custom host  
reference database that included:

 1. Whole genomes of six tick species: 
Ixodes persulcatus (GWHAMMH00000000); 
Haemaphysalis longicornis (GWHAMMI00000000); 
Dermacentor silvarum (GWHAMML00000000); 
Hyalomma asiaticum (GWHAMMK00000000); 
Rhipicephalus sanguineus (GWHAMMM00000000); 
Rhipicephalus microplus (GWHAMMN00000000);

 2. Whole-genome shotgun database of Ixodida (Taxonomy ID: 
6935, accession data:1/2/2021).

If aligned bases of the query contigs covered more than 50% and 
nucleotide similarity was higher than 85% from comparison with the 
above two databases, they were removed from the downstream analysis 
to eliminate any potential endogenous viral elements. Bacterial contigs 
were identified and discarded if they showed higher than 85% similarity 
on more than 50% aligned bases of query contigs to any bacteria from 
the BLASTN comparison result. In addition, we also removed any pos-
sible contaminating viral sequences from high-throughput sequencing, 
as previously reported46. Novel virus was proposed if amino acid simi-
larity on the RdRp domain was below 90%, and subsequently confirmed 
by phylogenetic analyses5,13,47.

All putative novel viruses were provisionally denominated as the 
sampling site plus viral family (the first five characters), followed by 
‘TIGMIC’ (the abbreviation for the Tick Genome and Microbiome Con-
sortium) as strain name. Viruses of superclades were named using only 
the sampling region.

Assignment of virus taxonomy
All above filtered viral contigs were annotated and classified on the basis 
of the best match from the BLASTX comparison or the best BLASTN 

match if a contig does not exhibit any homology from BLASTX results. 
The virus contigs assigned to DNA viruses and reverse-transcribing 
viruses were excluded from further analysis. If the best match of one 
viral contig was not assigned to any defined family, this contig was 
designated as ‘unclassified viruses’.

Quantification of viral abundance
Ribosomal reads were subtracted from each library by mapping to 
the SILVA rRNA database (https://www.arb-silva.de/) using Bowtie2 
v2.4.3 in case of unequal efficiency of rRNA removal during sequencing 
library preparation. Then the non-rRNA reads from each library were 
mapped against the assembled sequences using a Bowtie2 end-to-end 
alignment with sensitive parameters48. We acquired the read counts of 
each viral RNA from mapping results and performed within-sample 
normalization (reads per million/virus ratio) to compare samples 
across different conditions.

Metadata review of arthropod virome
We searched PubMed and ISI (Web of Science) for articles published in 
English, and the WanFang database, China National knowledge Infra-
structure, as well as the Chinese Scientific Journal Database for articles 
published in Chinese. We first summarized a list of common names and 
Latin names for each arthropod. Then we used the common and Latin 
names of each arthropod and the words ‘virus’ and ‘virome’ as search 
terms. We performed a secondary manual search on the references 
cited in these articles to extend our search to relevant articles. The viral 
detection approach in these articles were recorded in three categories: 
reverse transcription-polymerase chain reaction (RT–PCR), transcrip-
tome or both methods. To include arboviruses without sequences, 
which were isolated and named in early years, we consulted the Arbo-
virus Catalog website (https://wwwn.cdc.gov/arbocat/), a compilation 
of biological information that has no sequence database of arboviruses. 
We extracted the information from the Arbovirus Catalog, including the 
virus names/prototypes, original sources and natural host ranges for 
downstream analysis. All these related data were included in our dataset 
to compare tick virome diversity with those of other haematophagous 
or non-haematophagous arthropods (Fig. 1e).

Analyses of tick virome diversity
The coding regions of the predicated viral open reading frames (ORFs) 
for each viral contig were retrieved using TransDecoder49 v5.5.0. The 
coding regions that matched RdRp genes were retained and grouped 
into OTUs on the basis of 95% nucleotide identity by CD-HIT50 v4.8.1. 
The number of non-rRNA reads mapping to the representative 
sequences of each OTU cluster were determined using Bowtie248 v2.4.3. 
For viruses whose genome translated into one single polyprotein, we 
only summarized the read number mapping to the RdRp region. Viral 
relative abundance tables were generated by normalizing the abso-
lute read counts using transcripts per kilobase million (TPM). Each 
representative OTU was assigned to a viral family on the basis of their 
best match as described above and further classified into vertebrate/
invertebrate-associated viruses, invertebrate viruses, or plant/fungi/
invertebrate-associated viruses according to the host range of their 
corresponding viral family. Alpha diversity (within-library virome rich-
ness) was measured using the Shannon index and Simpson index in the 
Python package ‘skbio’ (http://scikit-bio.org/) on the basis of the rela-
tive abundance table. Statistical differences in alpha diversity among 
groups of different factors were assessed by Mann–Whitney U test or 
Kruskal–Wallis test using SPSS51 v20.0. Beta-diversity (between-library 
dissimilarity) analysis was performed and visualized by t-SNE using 
‘tsne’52 v0.1–3.

We used the following method to describe the ecogeographic 
distribution of ticks. The longitude and latitude of each tick collection 
site was selected as the centre, and the distance between two collection 
sites was calculated as:
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Distance =

arccos(cos(E1 − E2) × cos(N1) × cos(N2) + sin(N1) × sin(N2)) × 6371km

where E1 is the sample1 longitude, N1 is the sample1 latitude, E2 is the 
sample2 longitude and N2 is the sample2 latitude.

Tick species in the area within a radius of 10–200 km (stepwise 
10 km) were summarized and samples were classified into two groups: 
more than two tick species sharing this area of habitat and only one 
tick species dominating in this area. The tick virome diversity between 
these two groups was compared using t-test or Mann–Whitney U test.

Population structures of tick genetics
Illumina reads after adaptor and quality removal were aligned to the corre-
sponding tick reference genomes (GWHAMMH00000000, GWHAMMI 
00000000, GWHAMML00000000, GWHAMMK00000000, GWHA 
MMM00000000 and GWHAMMN0000000) using Bowtie248 v2.4.3. 
Variant sites were called and those with quality scores ≥30 and suf-
ficient reads (8 ≤ read depth ≤ 12, genotype rate >70%) were kept fol-
lowing the GATK 4.0 pipeline53. The nuclear genome’s phylogenetic 
tree was constructed using the maximum-likelihood method, with 
bootstrap tests (1,000 replicates) implemented in IQ-Tree54 v.1.6.1 
on the basis of the single-nucleotide polymorphisms alignment. The 
Shannon index of the tick virome was compared between different 
tick genetic populations by Mann–Whitney U test or Kruskal–Wallis 
test using SPSS v20.0.

Differential expression of the transcriptome
The expression level of each gene was obtained from the above map-
ping results of each library against the tick reference genome using 
HTSeq55 v0.6.0. Differentially expressed (DE) genes among the genetic 
populations with different virome diversity were identified using the R 
package ‘edgeR’56 on the basis of false discovery rate (FDR) ≤ 0.05 and 
|log2(fold change)| ≥ 1. Enriched Gene Ontology terms (http://geneon 
tology.org/) of the DE genes were analysed using Kolmogorov–Smirnov 
test in the topGO package57 (FDR < 0.05).

Analyses of virus phylogeny
The highly conserved RdRp gene was selected to construct the 
family-, order- and phylum-level phylogenies. The RdRp proteins 
of RefSeq and the metadata of host information were collected 
from NCBI using in-house script. Predicted viral proteins of RdRp 
genes were clustered into a set of ‘non-redundant’ representative 
sequences with the threshold of 100% similarity using CD-HIT50 
v4.8.1. The longest representative sequence for each cluster was 
aligned with downloaded reference proteins belonging to the same 
viral family or order using the E-INS-i algorithm with the implemen-
tation of MAFFT58 v7.490. The phylum-level alignment was con-
structed by the stepwise merging of all family-level or order-level 
alignments using MAFFT58 v7.490. Ambiguously aligned regions 
were trimmed using TrimAl59 v1.2, and short contigs that did not 
align to reference genomes were removed before constructing the 
appropriate alignments for downstream phylogeny. The IQ-Tree 
v.1.6.1 algorithm54,60 was used to determine the best-fit amino acid 
substitution model on the basis of each multiple sequence alignment, 
and the maximum-likelihood phylogenetic tree was assessed with 
bootstrap tests (1,000 replicates). The maximum-likelihood trees 
were visualized using the ggtree package61 v3.0.4.

The phylum-level tree was used to estimate the evolutionary dis-
tance for each virus family using the Python package ETE toolkits62. The 
Q3+1.5IQR of the pairwise phylogenetic distance (the branch length 
between any two reference viruses) for each virus family was set as the 
threshold. If the branch length between the virus discovered in this 
study and its closest relative sequence was larger than the cut-off of 
the same family, this virus was identified as a ‘superclade’.

All well-classified complete RdRp proteins from arthropods were 
downloaded from NCBI and added to the multiple sequence alignment 
on the basis of their identified phylum. Phylum-level virus trees with 
added RdRp protein sequences were then constructed using IQ-Tree54 
v1.6.1. For each viral family, the highest common ancestor node of 
viruses from ticks (reference viruses and viruses in this study) or other 
arthropods was first estimated on the basis of the phylogeny using 
in-house script. The phylogenetic distances from divergent nodes 
to the corresponding family node were calculated and compared to 
identify which node, whether ticks or other arthropods, was closer to 
the family root.

The phylogenies of viral families that contained adequate numbers 
of tick-associated viruses in this study were further analysed, includ-
ing Flaviviridae, Nairoviridae, Orthomyxoviridae, Peribunyaviridae, 
Phenuiviridae, Rhabdoviridae and Reoviridae. The phylogenetic clades 
were divided at the genus level, unless those that have not been clas-
sified into any current genus were clustered based on the median 
phylogenetic distance at the family level using TreeCluster63 v1.0.3. The 
host ranges of tick viruses discovered in this study in each clade were 
identified by investigating BLASTP hits revealing above 50% identity43. 
We calculated the Shannon index to determine the diversity of tick 
species and ecotypes for each phylogenetic clade using the Python 
package ‘skbio’ (http://scikit-bio.org/). The alignments used for family 
phylogeny were segregated by individual clade and phylogenetic trees 
for each clade were inferred using LG amino acid substitution models 
by the Bayesian method implemented in MrBayes64 v3.2. The associa-
tion index representative of the strength of the association between 
virus phylogeny and host class was estimated using the above virus 
phylogeny and the BaTS programme65.

Annotation of viral genomes
Viral ORFs were predicted using TransDecoder49 v5.5.0 on the basis 
of two criteria: (1) the length of predicted ORFs were longer than 100 
amino acids; (2) only the longest ORF was reported if a short ORF was 
nested entirely inside. All predicted ORFs were annotated by comparing 
non-redundant protein databases using BLASTP and the Conserved 
Domain Database by PSI-BLAST with an E-value threshold of 1 × 10−5 
using BLAST tools43. Novel genomes were confirmed by checking reads 
coverage and continuity using Bowtie248.

Assessment of viral infectivity risk
To further evaluate the viral abundance of a reported human patho-
genic tick-borne virus, we extracted all assembled viral contigs whose 
best match either from BLASTX or BLASTN was annotated as any known 
tick-borne pathogenic virus. In addition, the references of tick-borne 
pathogenic viruses were downloaded and non-rRNA reads were also 
mapped back to them using Bowtie2 in case tick-borne viruses with-
out assembled contigs were neglected48. The pairwise identities of 
downloaded reference nucleotide sequences were calculated against 
all references of the same virus species using BLASTN43. The Q1-1.5IQR 
of pairwise identities for each virus species and the 80% coverage were 
both set to the cut-off determining viral contigs to be pathogenic 
virus from the above-extracted BLASTX or BLASTN results. The abun-
dance of each virus species was normalized to the total non-rRNA read 
count of each library. The mean relative abundance and prevalence of 
each pathogenic virus were summarized according to each tick spe-
cies or geographic region. The distribution of pathogenic viruses was 
geo-referenced to a Chinese map at the prefecture-level with ArcGIS66 
10.2 (ESRI) according to locations of the tick collection. Shannon index 
representative of viral diversity was estimated on the basis of the OTU95 
abundance table.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
The sequencing data have been deposited to SRA under Bioproject 
PRJNA841744, and the assembled virus sequences have been submitted 
to GenBank (https://www.ncbi.nlm.nih.gov/nuccore/ with the accession 
no. ON746331-ON746566, ON811696-ON813070, ON811604-ON811608, 
ON872591-ON872654, OP628496-OP628616) and BIGD (https://
ngdc.cncb.ac.cn/gsub/) under the Project PRJCA008467 (acces-
sion no. GWHBHNN00000000, GWHBHNO00000000, GWHBHNP 
00000000, GWHBHNQ00000000, GWHBHNR00000000, GWHBH 
NS00000000, GWHBHNT00000000, GWHBHNU00000000). 
Source data are provided with this paper.
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Extended Data Fig. 10 | Epidemiology and human infection potential of tick-
associated viruses. a, The abundances and positive rates of 11 known tick-borne 
RNA viral pathogens in different tick species collected in this study. The tick 
species are sorted by the relative abundance of detected known viral pathogens, 
which were estimated by read counts per million non-rRNA reads. The color of 
circles indicates the overall positive rate of 11 known tick-borne viral pathogens, 

while the color of square indicates the positive rate of each virus detected in 
tick species respectively. The size of circles represents the Shannon index of 9 
detected viral families (Flaviviridae, Nairoviridae, Phenuiviridae, Rhabdoviridae, 
Peribunyaviridae, Reoviridae, Orthomyxoviridae, Chuviridae and Nodaviridae).  
b, Geographic distribution of 11 known tick-borne viral pathogens in China.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection No software was used for data collection.

Data analysis Trimmomatic program v0.39, Trinity v2.8.5 program,BLAST tool, DIAMOND version 0.9.24, Lasergene package v7.1,  Bowtie2 v2.4.3, 
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v-0.6.0,  R package "edgeR" v3.34.1 , topGO package v2.3.4, MAFFT v7.490, TrimAl v1.2, ggtree package version 3.0.4, Python package ETE 
toolkits- v3.1.2, TreeCluster v1.0.3,  MrBayes v.3.2, BaTS program v1.0, ArcGIS 10.2

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data
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- Accession codes, unique identifiers, or web links for publicly available datasets 
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The sequencing data have been deposited to SRA under Bioproject PRJNA841744, and the assembled virus sequences have been submitted to GenBank (accession 
no. ON746331-ON746566, ON811696-ON813070, ON811604-ON811608, ON872591-ON872654), and BIGD (https://ngdc.cncb.ac.cn/gsub/) under the Project 
(PRJCA008467) (accession no. GWHBHNN00000000, GWHBHNO00000000, GWHBHNP00000000, GWHBHNQ00000000, GWHBHNR00000000, 
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study is a tick meta-transcriptomics research on 31 tick species of 2 families from 148 sites throughout 30 provinces of mainland 
China using RNA sequencing approach, to comprehensively profile the tick virome, assess factors shaping the virome compostion, 
and identify the evolutionary role of ticks on virus diversification.

Research sample Around 8100 adult ticks of 31 tick species of 2 families from 148 sites throughout 30 provinces of mainland were prepared.

Sampling strategy More than 20 ticks of the same tick species from the same sampling location were collected to ensure the sufficient samples for the 
downstream statistical analysis. 

Data collection 10-30 ticks were polled for RNA sequencing, and the total of 607 libraries were prepared. The sequencing depth waa around 10 G for 
each library .

Timing and spatial scale We collected samples from March 2016 to October 2019, the frequency is around 10 times for each month during the peak period of 
ticks (from March to October). 

Data exclusions No data were excluded from the analyses.

Reproducibility PCR assays were performed to confirm the important sequencing findings. 

Randomization All samples were randomly allocated into different groups according their biological characteristics, such as tick species, gender, 
bloodmeal status, ect.

Blinding All data were analyzed blindingly without grouping factors informed, only statistical comparison were  taken according to grouping 
information.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions The 148 sampling sites throughout 30 provinces of mainland China covered seven ecological types including coniferous forest, 

steppe, farmland, desert, shrubland, and tropical forest.

Location Latitude and longitude were recorded for each sampling sites.

Access & import/export We only enter the permitted habitats for sample collection.

Disturbance No disturbance were caused.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 



3

nature portfolio  |  reporting sum
m

ary
M

arch 2021
Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Field-collected samples A total of  8,182 ticks of 31 species were collected from 148 sampling sites throughout 30 provinces of mainland China.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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