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Abstract

Objective  Poxviruses are zoonotic pathogens that infect humans, mammals, vertebrates, and
arthropods. However, the specific role of ticks in transmission and evolution of these viruses remains
unclear.

Methods Transcriptomic and metatranscriptomic raw data from 329 sampling pools of seven tick
species across five continents were mined to assess the diversity and abundance of poxviruses.
Chordopoxviral sequences were assembled and subjected to phylogenetic analysis to trace the origins of
the unblasted fragments within these sequences.

Results Fifty-eight poxvirus species, representing two subfamilies and 20 genera, were identified, with
212 poxviral sequences assembled. A substantial proportion of AT-rich fragments were detected in the
assembled poxviral genomes. These genomic sequences contained fragments originating from rodents,
archaea, and arthropods.

Conclusion Our findings indicate that ticks play a significant role in the transmission and evolution of
poxviruses. These viruses demonstrate the capacity to modulate virulence and adaptability through
horizontal gene transfer, gene recombination, and gene mutations, thereby promoting co-existence and
co-evolution with their hosts. This study advances understanding of the ecological dynamics of poxvirus
transmission and evolution and highlights the potential role of ticks as vectors and vessels in these
processes.
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INTRODUCTION

icks, encompassing a diverse group of
Tarthropods within the class Arachnida
(order Ixodida, superfamily Ixodoidea), are
classified into three families: Argasidae (soft ticks),
Ixodidae (hard ticks), and Nuttalliellidae (nuttalliellid
ticks). They are temporary hematophagous
ectoparasites capable of infesting a wide range of
hosts, including mammals, birds, reptiles, and
amphibians. Factors such as bird migration, global
climate change, and human activities have expanded
tick distribution, thereby increasing the spread of
tick-borne diseases. On March 31, 2022, the World
Health Organization launched the Global Arbovirus
Initiative to heighten global alarm on the potential
risk of arbovirus epidemics and pandemics by
strengthening surveillance and control of arthropod-
borne viral diseases™. As obligate hematophagous
ectoparasites, ticks can interrupt feeding and switch
hosts, facilitating the transmission of pathogens
between hosts. They are second only to
mosquitoes as vectors of pathogens and have a
significant impact on human and animal health®.
Poxvirus are enveloped, double-stranded DNA
virus belonging to the family Poxviridae, order
Chitovirales, class Pokkesviricetes, and phylum
Nucleocytoviricota[4]. This family comprises two
subfamilies: Chordopoxvirinae (CPV), which infects
vertebrates, and Entomopoxvirinae (EPV), which
infects insects. The genus Orthopoxvirus (OPXV),
within the subfamily Chordopoxvirinae, includes 12
viral species, such as camelpox virus (CMLV), cowpox
virus (CPXV), mpox virus (MPXV), vaccinia virus
(VACV), and variola virus (VARV). MPXV has garnered
significant attention due to sporadic reports in
Africa, and imported cases in non-endemic
countries, including the United Kingdom, Israel,
Singapore, and the United States since 2003, with all
affected patients receiving prompt treatment™. A
global mpox outbreak beggining in May 2022 was
primarily transmitted through sexual contact among
men who have sex with men (MSM). Phylogenetic
analyses suggest that MPXV has circulated in
humans since 2016, with altered virulence likely
resulting from high-frequency mutation in the
genome driven by host cytosine deaminases®.
Beyond MPXV, other orthopoxviral species (CMLV,
VARV, VACV, and CPXV), as well as viruses from
other genera—such as orf virus, bovine papular
stomatitis virus, pseudocowpox virus, grey sealpox
virus, red deerpox virus from the genus
Parapoxvirus, molluscum contagiosum virus (MCV)

from the genus Molluscipoxvirus, yaba-like disease
virus, and yaba monkey tumor virus from the genus
Yatapoxvirus—can infect humans” ™. All poxviruses
capable of infecting humans are zoonotic, except for
VARV and MCV.

Previous studies have shown that
hematophagous arthropods can carry and transmit
poxviruses. For example, Avipoxvirus transmission
occurs via mosquitoes[m, and Capripoxvirus is
transmitted both horizontally and vertically by
ticks™ ", Leporipoxvirus is carried and transmitted
by mosquitoes, fleas, blackflies, mites, and
ticks™®"”!, whereas Parapoxvirus is mechanically
transmitted by flies and ticks™®*, Additionally,
Suipoxvirus has been shown to undergo mechanical
transmission via fleas”””. Given that ticks typically
infest the common hosts of various CPVs (except
Salmonpoxvirus), ticks likely serve as vectors for
poxvirus transmission between hosts and may
facilitate genetic recombination among different
poxviruses. However, evidence supporting ticks as
carriers of poxviruses remains limited. As DNA
viruses, poxviruses detected in tick
(meta)transcriptomic data suggests that ticks may
act as natural hosts or that poxviruses actively
replicate within their blood-feeding hosts. This
indicates that ticks could contribute to cross-
species transmission, potentially resulting in host
jumps and the emergence and spread of novel
human zoonotic poxviruses. Therefore, the present
study utilized publicly available raw
(meta)transcriptomic data from ticks to detect,
assemble, and identify poxvirus genomes. The
primary aim was to investigate the presence of
poxviruses in ticks and assess the potential for
gene exchange between poxviruses, their vectors
or hosts, and the surrounding environment.

METHODS

Data Downloading

Raw tick sequencing data were retrieved from
the NCBI Sequence Read Archive (SRA) database on
December 25, 2022. Data from miRNA-Seq library
strategy and metagenomic library sources were
excluded, retaining only (meta)transcriptomic data
sequenced using the RNA-Seq library strategy for
further analysis.

Data Preprocessing

Adapters, low quality sequences, and sequences
containing excessive ambiguous nucleotides (“n”)



Ticks in Poxvirus Evolution and Transmission

were removed from the raw data using fastp
(v0.20.1)[21]. Filtered reads were then compared with
the Nucleotide Sequence Database (NT) using bwa
(v0.7.17-r1188)[22] to remove host reads and obtain
clean data. Species annotation of clean data was
performed using Kraken2 (v2.1.2)[23], followed by
assembly with Megahit (v1.2.9)%". Assembled
contigs were expanded using TGl Clustering tools
(TGICL) (v2.1)[25], and the extended contigs were
species annotated using Kraken2 (v2.1.2)%.

Quantification of Poxviruses in Ticks

Tick (meta)transcriptomic data were aligned to
poxvirus genomes using bwa’ based on the NCBI
for Biotechnology Information Genome and
Nucleotide Database, enabling identification of
poxvirus species in each sampling pool. The
abundance of poxvirus was quantified as reads per
million mapped reads.

For visualization, poxvirus distribution across
sampling pools was plotted using the
"ComplexHeatmap" package (v2.16.0) in R (v4.3.2).
Absolute poxvirus abundance in ticks, stratified by
species, geographic regions, and host, was visualized
using the "ggplot2" package (v3.5.0) in R.

Differences in poxvirus distribution among ticks
of varying species, geographic regions, and hosts
were evaluated through principal coordinate analysis
(PCoA) using the "vegan" package (v2.6.4) in R. The
adonis function was used to calculate the intergroup
differences among subgroups, and PCoA results
visualized using the "ggplot2" package.

Identification of Poxviral Assembled Sequences

Assembled poxviral sequences were compared to
45 chordopoxviral reference sequences using BLASTn
(v2.2.28+) with an E-value threshold set to 1x10~.
Sequences with matching fragments longer than 45
bp were classified as CPV. Matching fragments were
designated as discontinuous sequences, while
unmatched fragments were termed unblasted
fragments.

Calculation for the Occupancy Radio of Adenine and
Thymine in Poxvirus Sequences

Whole genome sequences of 52 poxvirus
reference sequences were retrieved from NCBI, and
the computed nucleotide composition method of
the Mega X software was used to calculate the
adenine (A), thymine (T), guanine (G), and cytosine
(C) occupancy ratios in the continuous sequences
and reference sequences. The A+T and G+C
percentages were calculated.

Phylogenetic  Analysis
Sequences

of Poxviral Reference

Amino acid sequences of proteins encoded by
the genomes of 52 poxviral reference sequences
were retrieved from NCBI. Twenty-five genes
encoding conserved poxviral proteins were derived
separately, including A2, A3, A7, A18, A22, A23, A24,
A28, A32, D1, D5, D6, D11, D12, E1, E9, E10, G5, H2,
H4, H6, 18, J3, 16, L1 (according to the gene names of
Vaccinia virus Copenhagen)[‘”. Each gene’s amino
acid sequences were aligned separately using
mafft”® and concatenated by species. The aligned
sequences were then imported into MEGA-X and
phylogenetic analyses were performed using
Maximum Likelihood method with embellishment of
the phylogenetic tree by iTol””.

Phylogenetic Analysis of Unblasted Fragments

Unblasted fragments were blasted online using
the NCBI Nucleotide BLAST function with the
expected threshold set to 1x10”. The blasted results
were exported and aligned using mafft?®.
Subsequent phylogenetic analyses and tree
embellishments were similar to those of the

reference sequences.

RESULTS

Information of Samples

(Meta)transcriptomic raw data from 374
sampling pools, representing 7 tick species, were
retrieved after excluding metagenomic and miRNA-
Seq data. Basic information of each sample is
presented in Supplementary Table S1. The raw data
totaled approximately 685 gigabytes, comprising
about 1.73 x 10" base pairs and 8.40 x 10’ reads.
Following filtering, alignment, annotation, and
assembly, the processed data exceeded 8 terabytes.
Annotation results were used to identify sampling
pools containing sequences assigned to the order
Chitovirales, yielding 329 sampling pools from 30
bioprojects. According to database records, these
329 sampling pools used for further analysis
originated from seven ticks species: Dermacentor
silvarum (D. silvarum) (n = 10), Haemaphysalis
longicornis (H. longicornis) (n = 29), Ixodes pacificus
(1. pacificus) (n = 97), Ixodes holocyclus (I. holocyclus)
(n = 27), Ixodes ricinus (I. ricinus) (n = 104),
Rhipicephalus microplus (R. microplus) (n = 41) and
Rhipicephalus sanguineus (R. sanguineus) (n = 21). Of
these, 304 sampling pools were collected from
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diverse geographical regions across Europe, Asia,
Oceania, South America, and North America, with 59
pools providing explicit host information (Figure 1).

Virome Diversity of Ticks

A total of 49 poxviral species belonging to 17
known genera and 3 unclassified genera of CPV, as
well as 9 species of EPVs from 3 known genera and 1
unclassified genus of EPV, were identified by aligning
the tick (meta)transcriptomic data with the NT
database. The abundance of poxviruses in ticks
varied considerably across both species and genera,
with marked differences in poxviral species
composition and abundance observed among
different sampling pools of the same tick species
(Figure 2A). The PCoA revealed significant
differences in poxvirus diversity among tick species
(Adonis, p = 0.001), host origins (Adonis, P = 0.001),
and geographical regions (Adonis, P = 0.001)
(Figure 2B-D). Analysis of poxvirus composition
across subgroups stratified by tick species, host
origin, and geographic region revealed that multiple
poxviruses were highly abundant in ticks (Figure 2E-
G, Supplementary Table S2).

Poxviruses  pathogenic to  warm-blooded
vertebrates were detected at high abundance in
various tick species. OPXV, which infects a wide
range of warm-blooded animals closely related to
humans (e.g., primates, rodents, artiodactyls, and
carnivores), was notably abundant in D. silvarum
(15.04%), 1. holocyclus (8.92%), I. ricinus (6.35%), and
I. pacificus (6.44%). MPXV, associated with the 2022
global outbreak, was detected in sampling pools of
BioProjects PRINA693137, PRINA735703,
PRINA870442, PRINA494273 and PRINA311553,
submitted before 2022. Other human-specific
poxviruses, including Molluscipoxvirus (0.00%—
6.04%), Yatapoxvirus (1.92%-32.79%), which can
infect  primates  (including  humans), and
Parapoxvirus (0.08%—-8.71%), which can infect
humans, artiodactyls, and carnivores, were also
identified in ticks. Rodent-infecting poxviruses, such
as Centapoxvirus (0.54%-5.93%), Oryzopoxvirus
(0.00%-9.05%), Sciuripoxvirus (0.68%-5.19%), as
well as bat-infecting Pteropopoxvirus (0.00%—
15.28%) and Vespertilionpoxvirus (1.05%—7.60%),
were detected. Mustelpoxvirus, pathogenic to
carnivores, was highly abundant in R. sanguineus (up
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Figure 1. Distribution of sampling pools. Different colors in the pie chart represent different tick species.
The size of the pie chart corresponds to the number of sampling pools, and the animal silhouettes
indicate the host source of some of the sampling pools. All animal silhouettes were obtained from the

Phylopic website (https://www.phylopic.org/images).
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to 71.38%), particularly in samples from Brazilian
canines (PRINA606595). In addition to mammalian
poxviruses, the avian-specific Avipoxvirus was also
found in ticks, including D. silvarum (24.12%),
pacificus (13.16%), and /. holocyclus (10.77%).

Reptile- and fish-pathogenic poxviruses were
also detected. Crocodylidpoxvirus, pathogenic to
crocodiles, was abundant in R. microplus (9.80%).
Salmonpoxvirus, affecting fish, showed unexpected
richness and abundance in /. holocyclus (12.07%),
I. pacificus (6.25%), and I. ricinus (3.66%).

EPV was prevalent in ticks, with more than
15.00% of EPVs in all six tick species except the R.
microplus and R. sanguineus. Among these, EPVs
constituted 35.67% of poxviruses in H. longicornis,

22.42% in |. pacificus, 23.62 % in I. holocyclus, and
28.63% in |. ricinus. In terms of absolute abundance,
Deltaentomopoxvirus ~ was  significantly  more
abundant in H. longicornis and I. pacificus than in the
other tick species.

AT-rich Fragments in the Assembled Chordopoxvirus
Sequences

Following the assembly of the matched poxvirus
reads, 212 poxvirus sequences longer than 300 bp
were assembled, including two sequences exceeding
1,000 bp and 55 sequences exceeding 500 bp
(Supplementary Material 1). BLAST analysis revealed
that 122 sequences aligned with 45 chordopoxviral
reference sequences. The adenine-thymine (AT)
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Figure 2. The abundance of poxvirus species in ticks. (A) Poxvirus richness and abundance, calculated as
log (reads per million clean reads), with each vertical column representing a sampling pool. (B—D) PCoA
analysis of poxvirus composition across tick genera, geographical regions and host origins. (E-G) Absolute
abundance of poxviruses in ticks by genera, geographical regions and host origins.
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nucleotide content of these 122 assembled
sequences and 52  reference  sequences
(Supplementary Table S3) is shown in Figure 3. The
AT base ratios in the entomopoxviral genomes
(79.00%—-82.22%) were higher than those in the CPVs
(33.31-76.44%). Genera such as Crocodylidpoxvirus,
Parapoxvirus, Macropopoxvirus, Molluscipoxvirus
and Sciuripoxvirus had significantly lower AT
percentages (33.31%—46.10%) compared to other
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poxvirus genera. In the homologous OPXVs
sequences assembled, the adenine-to-thymine
composition ratio was skewed toward adenine, and
numerous AT-rich fragments of varying lengths were
identified (Supplementary Material 2).

Phylogenetic based on Unblasted

Sequences

Analysis

Assembled poxvirus genomic sequences were
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Figure 3. Adenine-thymine nucleotide content based on assembly of poxvirus genomic sequences. The
percentages of adenine-thymine (AT) and guanine-cytosine (GC) nucleotides labelled in red and blue
were determined by the reference sequences, and the black dots at the top represent the 122 assembled
sequences matching the 45 chordopoxviruses, where the size of the dots represents the log (length of the
assembled sequences) and the position represents their AT content. Phylogenetic analyses of 52 poxvirus
reference sequences were performed using 25 conserved genes, with host status indicated by the animal
silhouette below each genus. All hosts of mammalian poxviruses and entomopoxviruses are listed
sequentially, with a human silhouette added for genera affecting humans. Host profiles for Avipoxvirus,
Crocodylidpoxvirus and Salmonpoxvirus are denoted by their respective classes. All animal silhouettes
were sourced from the Phylopic website (https://www.phylopic.org/images).
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compared to 45 CPVs reference sequences
(Supplementary Table S3) to explore potential
evolutionary changes or mutations of poxviruses in
ticks. Certain fragments within the poxvirus
sequences did not match the corresponding
references. We propose that these fragments
represent  horizontally transferred sequences
acquired by poxviruses from their hosts or the
environment, and we refer to them as “unblasted
sequences”. Upon querying these unblasted
sequences in the NCBI nucleotide database website,
we found that one unblasted fragment from CMLV
closely clustered with the sequence of the rodent-
derived transmembrane BAX inhibitor motif-
containing 4 (TMBIM4) gene, also known as GAAP, in
poxviruses (Figure 4). This observation suggests that
the “Camelpox virus unblasted fragment” may have

[ Aves

(] Reptilia

[] Mammalia

[ Rodentia

[ primate I
[ Lagomorpha

been acquired from rodents. The “Yaba-like disease
virus unblasted fragment” was found to align with a
variety of bacterial and archaeal sequences,
including members of the orders Methanococcales,
Flavobacteriales, Bacillales, Sphingobacteriales,
Campylobacterales and Cytophagales (Figure 5).
Notably, all three unblasted fragments clustered
with the genome of Methanococcus, suggesting that
poxviruses may acquire genes from the
environmental bacteria or archaea. Additionally, a
substantial number of unblasted fragments exhibited
high similarity to ticks and other arthropods
(Figure 6), suggesting possible gene exchange
between EPVs and CPVs, or an evolutionary
relationship between them.

DISCUSSION

XP 055986747.1 Sorex fumeus
XP 054974587.1 Sorex araneus
XP 049638730.1 Suncus etruscus

/ XP 004650122.1 Jaculus jaculus

XP 008827332.1 Nannospalax galili
XP 048274469.1 Myodes glareolus
/ XP 038170970.1 Arvicola amphibius
XP 057613777.1 Chionomys nivalis
XP 050021470.1 Microtus fortis
XP 041527684.1 Microtus oregoni
XP 026640430.1 Microtus ochrogaster
CAH6778629.1 Phodopus roborovskii
CAH6778628.1 Phodopus roborovskii
XP 051032136.1 Phodopus roborovskii
XP 005081574.2 Mesocricetus auratus
XP 027248121.1 Cricetulus griseus
XP 003497176.1 Cricetulus griseus
0BS82466.1 Neotoma lepida
XP 036026086.1 Onychomys torridus
XP 059101596.1 Peromyscus eremicus
XP 052609424.1 Peromyscus californicus
XP 028725444.1 Peromyscus leucopus
XP 042119516.1 Peromyscus maniculatus
XP 006973410.1 Peromyscus maniculatus
XP 051026349.1 Acomys russatus
XP 021482939.1 Meriones unguiculatus
XP 055481983.1 Psammomys obesus
XP 032768896.1 Rattus rattus
EDM16572.1 Rattus norvegicus
EDM16571.1 Rattus norvegicus
NP 954547.1 Rattus norvegicus
AAH60596.1 Rattus norvegicus
XP 034343748.1 Arvicanthis niloticus
XP 028614891.1 Grammomys surdaster
AAH27637.1 Mus musculus
XP 031205812.1 Mastomys coucha
XP 052021165.1 Apodemus sylvaticus
XP 052021164.1 Apodemus sylvaticus
XP 021061104.1 Mus pahari
XP 021030096.1 Mus caroli
NP 080893.1 Mus musculus

EDL24400.1 Mus musculus

Figure 4. Phylogenetic analysis based on the unblast sequence of the assembled Camelpox virus.
Poxviruses are labelled in green, with gene fragments from birds (yellow), reptiles (blue), and mammals
(pink). Mammalian genes are further distinguished: rodents (orange), primates (blue-green), and rabbit-

like animals (purple).
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This study analyzed raw (meta)transcriptomic
data from 329 sampling pools, comprising seven tick
species across five continents. From these data, 58
poxviruses species were identified, representing 2
subfamilies and 20 genera, along with 212
assembled poxviral sequences. CPVs and EPVs were
abundant in ticks, and the assembled poxviral
sequences showed high similarity to those from
arthropods, archaea, and mammals. These findings
suggest that ticks serve as vectors or vessels for
poxvirus transmission and evolution. The potential
for gene recombination and horizontal gene transfer
within ticks raises concerns, as these processes may
enhance poxvirus evolution, alter virulence and
adaptability, and contribute to the emergence of
novel pathogens.

This study integrated transcriptomic and
metatranscriptomic data using two high-throughput
sequencing approaches based on RNA sequences
derived from ticks in vivo. The key distinction
between the two methods lies in their focus:
transcriptomics treats ticks as a single species,
whereas metatranscriptomics views ticks as complex
ecosystems that host diverse microbial communities.
Despite this difference, the final sequencing results
obtained from both approaches were similar.
Transcriptomics can also be applied to studies of
host-microbe interactions®®. By combining both

techniques, this study increased the sample size and
enhanced the reliability of the findings. Further
analysis of the raw data revealed the presence of
poxviruses in both transcriptomic and
metatranscriptomic  datasets, leading to the
assembly of 212 poxvirus sequences, 122 of which
aligned with CPVs.

The findings indicate that ticks play an important
role in poxvirus transmission, likely facilitated by
mechanical transport via mouthparts, consistent
with previous studies on blood-feeding arthropods
as  poxviruses vectors™*®. This  mechanical
transmission mode, more efficient than contact
transmission, suggests that blood-feeding
arthropods, such as ticks, may intensify the poxvirus-
host arms race and accelerate viral mutation and
evolution®™. Moreover, ticks may contribute to
cross-regional transmission of poxviruses. For
instance, Avipoxvirus, which infects birds, was
detected in all ticks species examined, suggesting
that ticks acquire avian pathogens through blood-
feeding. Because ticks can travel across regions while
attached to birds, they may facilitate the
transregional spread of poxviruses, including those
with potential social and public health impactsBo].

All 13 known human pathogenic poxviruses were
identified in the tick data. Among these, OPXVs—
including VARV—are of particular interest. Although
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0Y781945.1 Aliarcobacter sp.
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CP054139.1 Mucilaginibacter mali
CP136694.1 Nonlabens ulvanivorans
CP070608.1 Fulvivirga lutea
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LR792632.1 Methanocaldococcus sp.
L77117.1 Methanocaldococcus jannaschii
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Figure 5. Phylogenetic analysis based on unblasted fragments of a Yaba-like disease virus. (A) Sequence
profile of the Yaba-like disease virus obtained by assembly. (B—D) Phylogenetic trees based on unblasted

1-3 fragments of the yaba-like disease virus.
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XM 037643294.2 Rhipicephalus sanguineus
XM 037643296.2 Rhipicephalus sanguineus
virus 1
XM 049410989.1 Rhipicephalus sanguineus
XM 037720201.2 Dermacentor silvarum
XM 037418719.1 Rhipicephalus microplus

0K735245.1 Mimia phidyle
MF555379.1 Platylesches galesa
0Y979632.1 Coenonympha glycerion
KY028297.1 Cycloglypha sp.
0K735254.1 Eracon paulinus

XM 025352894.1 Melanaphis sacchari
XM 026436453.2 Frankliniella occidentalis
0X451263.1 Cloeon dipterum
0X465377.1 Mesopsocus fuscifrons
XM 034377192.1 Thrips palmi
CP099852.1 Capitulum mitella

XM 037213679.1 Pollicipes pollicipes
Nile crocodilepoxvirus unblasted 2
XM 005108593.2 Aplysia californica
XM 052935167.1 Mya arenaria

XM 037667566.2 Rhipicephalus sanguineus
BK007349.1 Amblyomma variegatum
XM 050173337.2 Dermacentor andersoni
XM 037714813.2 Dermacentor silvarum
XM 029987357.4 Ixodes scapularis
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0K734968.1 Harsiesis hygea
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KY028479.1 Xenophanes tryxus
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0K734872.1 Cheritra freja
0K735344.1 Pratapa deva
0K735543.1 Mantoides gama
0K735403.1 Cyclyrius webbianus
0K735422.1 Turanana endymion
KY028265.1 Butleria bissexguttatus
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XM 035575707.2 Spodoptera frugiperda
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KY028401.1 Piruna aea

0K540090.1 Heteropterus morpheus
KY028405.1 Polygonus leo
0K736102.1 Lepella lepeletier
0K735893.1 Ampittia subvittatus
0K734586.1 Adopaeoides prittwitzi
0K735638.1 Conga chydaea
0Y978446.1 Plagodis dolabraria
0X403585.1 Lomographa bimaculata
0K734600.1 Apaustus gracilis

KU198403.1 Rhipicephalus sanguineus
MW995983.1 Rhipicephalus turanicus
NC 042764.1 Dermacentor everestianu
NC 062070.1 Dermacentor niveus
1Q480851.1 Rhipicephalus sanguineus
KU568495.1 Amblyomma variegatum
KF219725.1 Rhipicephalus turanicus
OM574775.1 Rhipicephalus maculatus
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NC 082161.1 Ixodes kohlsi
KC769586.1 Allothyrus sp.
KY457531.1 Ixodes simplex

NC 067861.1 Ixodes columnae

NC 062157.1 Ixodes kuntzi

NC 062630.1 Ixodes cornuatus
LC769934.1 Ixodes fujitai

NC 067905.1 Ixodes angustus

NC 002010.1 Ixodes hexagonus
LC769933.1 Ixodes fuliginosus
OR197646.1 Ixodes vespertilionis

NC 062060.1 Ixodes simplex
LC633335.1 Ixodes pavlovskyi

NC 023831.1 Ixodes pavlovskyi
0P244856.1 Ixodes ovatus
0OM317739.1 Ixodes ovatus

NC 067902.1 Ixodes pacificus
ON800838.1 Ixodes pacificus

NC 058242.1 Ixodes nipponensis

NC 062059.1 Ixodes sinensis
AB231671.1 Ixodes nipponensis

NC 058244.1 Ixodes vespertilionis
LC769935.1 Ixodes nipponrhinolophi
AB231667.1 Ixodes vespertilionis
AY327035.1 Ixodes ricinus

NC 018369.2 Ixodes ricinus

Yoka poxvirus unblasted 1
JX141674.1 Ixodes ricinus
AY945438.1 Ixodes ricinus
0M368258.1 Ixodes granulatus

NC 061226.1 Ixodes granulatus

NC 085484.1 Ixodes crenulatus

NC 062062.1 Ixodes nuttallianus

NC 067904.1 Ixodes scapularis

NC 067903.1 Ixodes rubicundus

NC 082158.1 Ixodes loricatus.
0L741745.1 Haemaphysalis yeni

NC 039765.1 Haemaphysalis hystricis
0L741744.1 Haemaphysalis longicornis
PP376089.1 Haemaphysalis longicornis
ON800836.1 Haemaphysalis longicornis
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NC 062161.1 Haemaphysalis kitaokai
NC 062163.1 Haemaphysalis mageshimaensis
JX573138.1 Haemaphysalis humerosa
NC 062158.1 Haemaphysalis doenitzi
NC 041076.1 Haemaphysalis bancrofti

Yoka poxvirus unblasted 2
(ON800839.1 Ixodes ricinus
NC 018369.2 Ixodes ricinus
GU074941.1 Ixodes ricinus
GU074902.1 Ixodes inopinatus
AY945424.1 Ixodes ricinus
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Yoka poxvirus unblasted 3

AB360998.1 Culicoides brevipalpis
AY071800.1 Liopterus haemorrhoidalis
AY334241.1 Liopterus haemorrhoidalis
EF158942.1 Physothorax sp.
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KF197133.1 Ixodes ricinus
KF551801.1 Sarticus obesulus
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0Y755102.1 Aphantopus hyperantus
XM 034969840.1Maniola hyperantus

XM 034969839.1 Maniola hyperantus
LR761653.1 Aphantopus hyperantus

XM 034969747.1 Maniola hyperantus
0X420939.1 Polymixis lichenea
0X382328.1 Hemithea aestivaria
0X438660.1 Globia sparganii

0Y979632.1 Coenonympha glycerion
0U426953.1 Pyrgus malvae

0X411752.1 Orthosia incerta

FR997730.1 Ochropleura plecta
0OX637277.1 Leptophobia aripa
0W203722.1 Yponomeuta sedellus
LR999977.1 Deilephila porcellus
0X457101.1 Deilephila elpenor
FR990049.1 Glaucopsyche alexis
0Y751438.1 Phengaris arion

0X383958.1 Athrips mouffetella
HG995213.1 Maniola jurtina

0U785224.1 Erebia ligea

XM 045907339.1 Maniola jurtina
0OW121713.1 Hipparchia semele
0X155676.1 Eupithecia centaureata
0U342522.1 Bembecia ichneumoniformis
0Y288206.1 Ochropleura leucogaster
0X459045.1 Orthosia gothica

0U696475.1 Spilarctia lutea

HG993181.1 Pieris napi

0X453007.1 Asteroscopus sphinx
0W121754.1 Miltochrista miniata
0X419730.1 Thumatha senex

Squirrel poxvirus unblasted 1

XM 040207420.1 Ixodes scapularis

XM 049665631.1 Dermacentor silvarum
XM 050183064.2 Dermacentor andersoni
XM 050183065.2 Dermacentor andersoni
XM 037421397.1 Rhipicephalus microplus
XM 037421398.1 Rhipicephalus microplus
XM 037651070.2 Rhipicephalus sanguineus
XM 049412405.1 Rhipicephalus sanguineus
XM 037647087.2 Rhipicephalus sanguineus
XM 037651069.2 Rhipicephalus sanguineus

0X465376.1 Mesopsocus fuscifrons

XM 012424424.2 Orussus abietinus

XM 012424423.1 Orussus abietinus
0Y796677.1 Tetragnatha montana
Squirrel poxvirus unblasted 2

XM 018165800.2 Hyalella azteca

XM 040207420.1 Ixodes scapularis

XM 037421397.1 Rhipicephalus microplus
XM 037651069.2 Rhipicephalus sanguineus
XM 049665631.1 Dermacentor silvarum
XM 050183065.2 Dermacentor andersoni
XM 039423210.1 Nilaparvata lugens

XM 039423209.1 Nilaparvata lugens

XM 063367296.1 Bacillus rossius

XM 063367297.1 Bacillus rossius
0U015468.1 Brachyptera putata
AP028918.1 Nesidiocoris tenuis

XM 014385375.2 Cimex lectularius

XM 014385371.2 Cimex lectularius
0Z010670.1 Troglohyphantes excavatus
0Y987236.1 Odiellus spinosus

XM 043044757.1 Parasteatoda tepidariorum
0A884019.1 Notodromas monacha
CP133310.1 Platynothrus peltifer
CP092881.1 Cordylochernes scorpioides
CP087230.1 Daphnia pulex

XM 046793723.1 Daphnia pulicaria

XM 046586115.1 Daphnia pulex

XM 057508497.2 Daphnia carinata

XM 032929506.2 Daphnia magna

XM 034391105.1 Thrips palmi

XM 026427271.2 Frankliniella occidentalis
XM 022069741.1 Zootermopsis nevadensis
OW203763.1 Leuctra nigra

XM 053779498.1 Cherax quadricarinatus
XM 043008252.1 Penaeus japonicus

XM 037921891.1 Penaeus monodon

XM 047617977.1 Penaeus chinensis

XM 027378269.1 Penaeus vannamei
KF199900.1 Eriocheir sinensis

XM 050863045.1 Eriocheir sinensis

XM 045739116.1 Procambarus clarkii
KY974270.1 Procambarus clarkii

XM 045275768.1 Portunus trituberculatus
XM 045275767.1 Portunus trituberculatus

limitations,

surveillance with tick host identification could help
to confirm the natural reservoirs of these viruses.
Unfortunately,

host

Figure 6. Phylogenetic analysis based on unblasted poxviral sequences that associated with arthropods
genes. Poxviruses are labelled in green, the phylum Arthropoda in yellow and the phylum Mollusca in
blue, with sequences accompanied by illustrations of their respective animal orders. The animal
silhouettes were sourced from the Phylopic website (https://www.phylopic.org/images).
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identification host identification could not be
performed in this study. Rodents, the largest
mammalian order, are closely related to humans and
are known to harbor diverse vertebrate viruses,
representing a critical source of zoonotic
infections™*".. Due to their blood-feeding and host-
switching behaviors throughout their life cycle, and
the absence of specific cell surface receptors for
poxviruses during viral entry into host cells®, ticks
may facilitate host-hopping for chordate poxviruses.
Given that highly abundant rodent- and bat-
pathogenic poxviruses have been identified in ticks,
these arthropods may act as vectors, mediating their
transmission among rodents, bats, and other warm-
blooded vertebrates. This can promote gene
exchange and  co-circulation of  zoonotic
poxviruses—such as OPXV—with viruses in rodents
and bats, potentially altering host specificity. Owing
to the intense evolutionary arms race between
poxviruses and their hosts, poxviruses tend to adapt
via gene mutations, recombination, or other
horizontal gene transfers (HGT)®***”. Under the
pressure of poxvirus-host-environment interactions,
poxviruses co-evolve with their hosts, possibly giving
rise to novel zoonotic strains and increasing the
public health burden. Therefore, tick-based poxvirus
surveillance can provide early warnings of major
poxvirus epidemics in non-endemic regions, as well
as novel poxviruses that may cause endemic disease.

A tick-based poxvirus surveillance system is
essential for monitoring emerging and re-emerging
zoonotic poxviruses, such as MPXV. The detection of
a substantial abundance of poxviruses in both fed
and unfed ticks via (meta)transcriptomics suggests
that tick-based surveillance can provide insights into
both current and historical poxvirus prevalence in a
given region, offering valuable evidence of
transmission dynamics and evolutionary patterns.
Due to the significant presence of host-derived blood
and tissues in fed ticks—and the ability of poxviruses
to retain infectivity in starved ticks, with some even
being vertically transmitted to offspring[15'38’39]—a
higher average poxvirus abundance was observed in
unfed ticks than in fed ticks, after adjusting for
variations in sample sequencing depth. This suggests
that the tick-based poxvirus surveillance system
could be a valuable tool regardless of whether the
collected ticks are parasitic or free-living. Moreover,
this system could help identify the natural hosts of
poxviruses, providing a more effective strategy for
controlling future epidemics. Tick-based virome
analysis also sheds light on the evolution of
poxviruses. It has been shown that poxviruses can

capture genes from hosts and the environment, and
inactivate genes through deletion or premature
termination, resulting in nonfunctional or partially
functional products[4°]. During gene acquisition,
poxviruses gain genes for adaptation. In the present
study, we found that the assembled CMLV sequence
contained a fragment clustered with the rodent
TMBIM4 gene, which is homologous to GAAP in the
poxviral genome. GAAP is a nonessential virulence
gene that inhibits apoptosis[“‘“]. The clustering of
the “Camelpox virus unblasted fragment” with the
rodent TMBIM4 gene—but not with known poxviral
GAAP genes—suggests that this gene may have been
horizontally transferred from rodents to the
poxvirus. This supports the hypothesis that rodents
may be the natural hosts of OPXVs. In addition to
acquiring genes from animal hosts, poxviruses may
also capture genes from bacteria and archaea in the
environment. Methanococcales are anaerobic,
methanotrophic archaea. Phylogenetic analyses of
the assembled “Yaba-like disease virus” sequence
revealed a possible gene capture from
Methanococcus jannaschii. This type of HGT likely
occurs in aquatic environments, where poxviruses
can persist for extended periods and encounter
mobile genetic elements containing bacterial or
archaeal gene fragments. Subsequently, these
fragments may enter the poxvirus and be integrated
into its genome during replication in the host
cell®*. In contrast, mature phages may carry genes
from the host bacterium through HGT, genetic
recombination, and prophage carriage'®”. Therefore,
poxviruses may exchange genes with phages to
acquire sequences derived from bacteria or archaea.
Previous studies have also provided strong evidence
of co-evolution in the replication mechanisms of
phages, nucleocytoplasmic large DNA viruses,
bacteria, and archaea”®’). Based on this, we
postulated that the unblasted sequence of “Yaba-like
disease virus” was likely obtained from
Methanococcus jenneri via extracellular vesicles or
phage transduction. Additionally, multiple gene
fragments from arthropods were identified in the
CPVs assembled in the present study, suggesting that
CPVs might organed from EPVs, consistent with
previous research®”. An alternative explanation is
that CPVs underwent genetic recombination with
EPVs during evolution. Although direct laboratory
evidence to support this hypothesis is lacking, such
recombination may have occurred in blood-feeding
arthropods that parasitize vertebrates. In summary,
the incorporation of gene fragments from hosts, co-
infecting viruses, and environmental sources into
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poxviral genomes offers critical insights into the
patterns and mechanisms of horizontal gene transfer
during viral evolution.

In gene expression and regulation, most
poxviruses contain AT-rich fragments, which are
primarily driven by poxvirus mutational bias and
tend to cause early termination of protein
translation®. Several studies have demonstrated
that these AT-rich fragments may play a role in
regulating viral gene expression and contribute to
the poxvirus life cycle, as well as interactions with
the host***”. The presence of AT-rich fragments
within the assembled poxvirus sequences was
consistent with our previous observations regarding
MPXV virulence genes. Therefore, the present study
focused exclusively on the relationship between AT-
rich fragments and early stop mutations. Within the
B14R gene of MPXV, which encodes an immune-
associated protein, AT-rich fragments ranging from 0
to 109 nucleotides were identified between
nucleotide positions 590-591 (Refseq, NC_003310)
of the coding sequence (Supplementary Material 3).
These may act as additional mechanisms to
inactivate virulence genes, leading to protein length
polymorphisms, premature termination, and
ultimately, altered viral virulence®™.  Poxviruses
continuously engage in an arm race with hosts
during cross-species transmission via direct contact
or tick vectors. Throughout this process, poxviruses
tend to retain adaptive mutations which may arise
from replication errors or be induced by host
mechanisms such as the cytosine deaminase
apolipoprotein B mRNA editing enzyme catalytic
polypeptide-like 3 (APOBEC3)™®****. Under host and
environmental selection pressures, such mutations
accumulate and superimpose on the variable
terminal regions of the genome, contributing to the
formation of AT-rich fragments within host-range
genes. These sequences alter the length and
function of the host-range proteins, thereby
enhancing viral adaptability. This mechanism enables
dynamic modulation of virulence and pathogenicity,
facilitating a balance with host defenses and
ensuring viral persistence[54]. Other viruses—and
even host systems—may also regulate protein
expression and function via this mechanism.
Notably, T and A are highly represented in
termination codons (TAA, TGA, and TAG), which
appear with a frequency of up to 77.78% in most
species and organelles possessing autonomous
genetic systems. The modification of accessory
genes by poxviruses in response to the host immune
system exemplifies an adaptive strategy for host

switching, while also reflecting a cost-efficient
approach to maximizing exploitation of host cellular
resources under stable conditions. These findings
underscore the importance of evaluating the
structural integrity of proteins encoded by virulence
genes in key zoonotic poxviruses.

Analyses based on tick-borne viromes may also
offer insights into the discovery of previously
unidentified poxviruses. The detection of members
from the orders Molluscipoxvirus,
Crocodylidpoxvirus, and Salmonpoxvirus, as well as
several genera of EPV, in ticks suggests the
possibility of novel poxviruses. Molluscipoxvirus is
known to infect only humans. Given that only one
sample pool (. holocyclus) was derived from a
human host, and considering the increasing public
awareness of tick-borne infectious diseases, the
detection of Molluscipoxvirus may reflect the
misidentification of an unidentified Molluscipoxvirus
species as  Molluscum  contagiosum  virus.
Crocodylidpoxvirus is a poxvirus that infects
crocodiles, whereas Salmonpoxvirus is a poxvirus
that infects fish, both of which remain poorly
studied. Reptiles are known to carry a substantial
tick burden, with ticks capable of remaining attached
to semi-aquatic reptiles for extended periods—and
even surviving in  aquatic environments®®.
Considering the close evolutionary relationship
between fish and reptiles, along with the global
diversity of uncharacterized poxviruses, the high
abundance of Crocodylidpoxvirus and
Salmonpoxvirus in ticks likely results from the
misclassification of unknown reptilian poxviruses.
The presence of EPVs in ticks further suggests that
these arthropods may act as natural hosts. EPVs
classification is closely tied to the taxonomic order of
their hosts, indicating a long coevolutionary history
between EPVs and their hosts®®. Although EPVs
have not previously been reported in ticks, and all
currently known hosts belong to the class Insecta,
our identification of EPVs in seven tick species
suggests that ticks may serve as natural hosts for a
previously unrecognized group of EPVs.

However, this study has several limitations. A key
limitation of this study was the inability to evaluate
the effects of temporal and geographical factors on
poxvirus evolution and reassortment. Sequencing
data were grouped by tick species without
distinguishing  sampling times or locations,
preventing separate analysis of regional and
temporal influences on viral diversity and evolution.
Future studies incorporating more detailed sampling
across time and geographic regions are needed to
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address these factors and provide a clearer
understanding of their roles in poxvirus evolution.
Overall, further research is required to elucidate the
full role of ticks in the transmission and evolution of
poxviruses.

CONCLUSION

In this study, we deep mind 329
(meta)transcriptomic raw datasets from the NCBI
database, encompassing seven tick species across
five continents. This analysis aimed to examine the
diversity and abundance of poxviruses, and
phylogenetic characteristics of chordopoxviruses
harbored within these ticks. Our findings reveal that
the genomic sequences of the assembled viruses
include fragments originating from rodents, archaea,
and arthropods, suggesting a complex evolutionary
process influenced by cross-kingdom interactions.
Therefore, we propose that ticks may serve not only
as vectors facilitating poxvirus transmission but also
as reservoirs fostering poxvirus evolution.
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