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Ticks are vectors of a wide variety of pathogens that are implicated in mild to severe disease in
humans and other animals. Nonetheless, the full range of tick-borne pathogens is unknown. Viruses,
in particular, have been neglected in discovery efforts targeting tick-borne agents. High throughput
sequencing was used to characterize the virome of 638 ticks, including Rhipicephalus microplus
(n=320), Rhipicephalus sanguineus (n =300), and Amblyomma ovale (n =18) collected throughout
Trinidad and Tobago in 2017 and 2018. Sequences representing nine viruses were identified, including
five novel species within Tymovirales, Bunyavirales, Chuviridae, Rhabdoviridae, and Flaviviridae.
Thereafter the frequency of detection of viral sequences in individual tick species was investigated.

Many factors, including relative promiscuity in host selection and duration of attachment, contribute to the effi-
ciency of ticks as vectors of microbial pathogens'. Ticks transmit a wide range of viral, bacterial, and protozoan
pathogens to both humans and other animals®. Although the public health emphasis for tick-borne diseases has
largely focused on bacterial pathogens, there is abundant evidence that viral pathogens are also important.

Ticks are the vectors of several viruses important to human and livestock disease including Powassan virus?®,
tick-borne encephalitis virus?, Crimean-Congo hemorrhagic fever virus®, Alkhurma hemorrhagic fever virus®,
Colorado tick fever virus’, Kyasanur Forest virus®, Louping ill virus®, Omsk hemorrhagic fever virus'’, African
swine fever virus'!, and Nairobi sheep disease virus'>. With improvements in molecular techniques, novel path-
ogenic viruses are continually being identified. A recent example is the identification of the novel bunyavirus,
severe fever with thrombocytopenia syndrome virus (SFTSV), in 2009, Since its discovery, SFTSV has been

- associated with 7,419 cases including 355 deaths'’. Other recently identified tick-borne viruses include Bourbon

. virus", Heartland virus'® and Guertu virus'’. Recent metagenomic studies of ticks uncovered a wide range of

. highly divergent viruses that do not meet current traditional classification guidelines, including the identification
of a new viral order, Jingchuvirales'®>.

A total of 23 tick species have been identified in the Caribbean twin-island Republic of Trinidad and
Tobago, parasitizing a wide range of reptiles, amphibians, birds, and mammals®. Rhipicephalus sanguineus
and Rhipicephalus microplus are particularly important due to their global distribution and association with
tick-borne diseases*?”?. R. sanguineus, commonly referred to as the brown dog tick, is a three-host tick that
primarily feeds on canines but can also feed on cats, rodents, birds, and humans. It has been implicated in the
transmission of pathogenic species of Ehrlichia, Babesia, and Rickettsia*. R. microplus, commonly referred to as
the southern cattle tick, is a one-host tick that feeds primarily on cattle, deer, and buffalo and has been linked with
the transmission of Borrelia, Anaplasma, and Babesia species®®. To date, neither species has been implicated in the
transmission of a viral pathogen.

Historically, surveillance on ticks and tick-borne diseases has been limited in the Caribbean compared to
other regions of the world. Currently employed diagnostic assays consist of polymerase chain reaction (PCR)
or serological screening for known bacterial and parasitic agents of livestock or canine diseases?*~*2. Because
of limited microbial discovery research in the country, it is unclear whether ticks transmit any viral agents. In
Trinidad and Tobago, there is increasing evidence of tick-borne agents. Cases of a southern tick associated rash
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Figure 1. Tick collection numbers by site and species in Trinidad and Tobago. This map was generated using
QGIS 3.4.2 using DIVA GIS shape files.

illness (STARI)-like illness, a suspected tick-borne rash, have occurred in patients following a tick bite within the
country®. Tacaribe virus, originally isolated from bat and mosquito samples from these islands, may actually be
a tick-borne agent®***. A lack of surveillance in this region, combined with this new evidence supports the need
for an exploratory survey of tick-borne pathogens in Trinidad and Tobago.

The advent of high throughput sequencing platforms has facilitated research exploring the diverse compo-
nents of the tick microbiome. An increasing incidence of tick-borne diseases across the world emphasizes the
need to further characterize the tick microbiome to uncover novel agents that have the potential to be pathogenic
or influence the transmission of known pathogens. Despite a large biodiversity in the Caribbean, research on
tick-borne disease has been historically neglected. This study represents the first virome analysis in this region
while also surveying the frequency of these viruses within the tick population.

Results

A total of 763 ticks were collected from 15 different sites throughout Trinidad and Tobago (Fig. 1). The collection
included ticks from the environment and from 82 different animals. PCR barcoding revealed that 362 ticks were
R. microplus (removed from 16 cattle), 395 were R. sanguineus (55 from the environment and the remainder from
52 dogs), and 18 were A. ovale (from 4 hunting dogs). For HTS, 32 pools (16R. microplus, 15R. sanguineus, 1 A.
ovale) consisting of 20 ticks each (except the A. ovale pool, n = 18) were generated from 638 ticks.

Two lanes of Illumina HiSeq were used to sequence all tick pools (16 tick pools and one negative control per
lane) resulting in 682,261,483 raw reads with an average of 20,250,595 (4+4,692,632) raw reads per pool. Of these,
37,650,809 (6%) remained for assembly after filtration and host subtraction, which were assembled into 5,042,271
contigs. Of those contigs, 20,924 (0.42%) could be identified as viral sequences through BLASTn or BLASTx.
Detailed information on the sequencing results are provided (Supplemental Tables 1 and 2). Nine viral species
were identified (five novel) from five viral families (Table 1).

Bunyavirales. Sequences from three phlebovirus-like viruses, tentatively designated as brown dog tick phle-
bovirus 1 (BDTPV1), brown dog tick phlebovirus 2 (BDTPV2) and Lihan tick virus-Trinidad (LTV-T), were
identified. These viruses have shared similarity in both the L and S segments to known phleboviruses®, but lack
an M segment, a critical component of the phlebovirus genome that encodes the viral glycoprotein allowing cell
entry”’. Similar viral sequences have been identified in previous tick virome studies'®20-2%24253 BDTPV1 is a
novel virus with closest similarity (59% amino acid (aa) in the L segment) to Bole tick virus 1, which was recently
identified in Hyalomma asiaticum ticks in China'®. BDTPV1 had a prevalence rate of 78% of R. sanguineus ticks
and was also found in two R. microplus ticks (<1%). BDTPV2 had highest similarity (93% aa in the polymerase)
to tick phlebovirus identified in R. bursa ticks in Turkey?. Viral nucleic acid was also found in 91% of R. san-
guineus ticks and was also detected in two R. microplus ticks (<1%). LTV-T was highly similar (99% aa similarity
to the polymerase) to Lihan tick virus, identified in R. microplus ticks in China®®. LTV-T was highly prevalent
in R. microplus ticks sampled with a rate of 90%, but was not found in any other tick species. All three viruses
identified cluster with many of the other bunyaviruses lacking M-segments and share a common ancestor with
the Uukuniemi phlebovirus group (Fig. 2).

Tymovirales. A single virus with similarity to the order Tymovirales was identified and tentatively named
cattle tick tymovirus-like virus 1 (CTTV1). This virus was most similar to Guarapuava tymovirus-like 2 (97%
aa similarity to the coat protein and 90% aa similarity to the partial polyprotein), which was recently identi-
fied in R. microplus ticks parasitizing cattle in Brazil?>. CTTV1 follows the traditional genome organization for
viruses within Tymovirales with a large polyprotein followed by a small coat protein, however was missing the
movement protein that overlaps with the polyprotein. The phylogenetic relationship of CTTV1 and other viruses
within the order Tymovirales shows that CTTV1 along with Guarapuava tymovirus-like 1 and 2 form a distinct
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% Identity Genome Length
Virus Family Tick Species | Closest Relative (aa) Prevalence | (nt)*
R. sanguineus 24%
Trinbago virus Flaviviridae R. microplus | Bole tick virus 4 86% 3% 16,274
A. ovale 5%
(Segment 1) 3,156
. S s . . S (Segment 2) 2,848
0, 0,
Jingmen tick virus (C) Flaviviridae R. microplus | Jingmen tick virus (Kosovo) | 95% 46% (Segment 3) 2.824
(Segment 4) 2,794
(Segment 1) 3,012
. S - . . S (Segment 2) 2,814
0 0,
Jingmen tick virus (AS) Flaviviridae R. microplus | Jingmen tick virus (Kosovo) | 94% 6% (Segment 3) 2,667
(Segment 4) 2,701
Blanchseco virus Rhabdoviridae | A. ovale Bole tick virus 2 57% 5% 11,512
. . S R. sanguineus S o 78% (L) 6,614
Brown dog tick phlebovirus 1 Phenuiviridae R. microplus Bole tick virus 1 59% <1% (S) 1,421
. . o R. sanguineus | ... . o 91% (L) 6,532
Brown dog tick phlebovirus 2 Phenuiviridae R, microplus Tick phlebovirus 93% <1% (S)2,093
. . . . S . . . . (L) 6,495
Lihan tick virus (Trinidad) Phenuiviridae | R. microplus | Lihan tick virus 99% 90% (S) 1,546
Cattle tick tymovirus-like virus 1 | Unclassified R. microplus (_iuarapuaya tymovirus-like 2 89% 3% 6,464
(incomplete genome)
Brown dog tick mivirus 1 Chuviridae R. sanguineus | Changping mivirus 63% 12% 11,272
‘Wuhan mivirus (Trinidad) Chuviridae E microplus ‘Wuhan mivirus 99% 88%; 11,187
. sanguineus <1%

Table 1. Viruses identified in Trinidad and Tobago through high throughput sequencing. * Approximate
genome size. All ORFs are complete but the ends were not confirmed as termini.

clade separate from other recognized tymoviruses (Fig. 3). CTTV1 was present in only 3% of all R. microplus
ticks screened, all of which were removed from the same animal, and was not present in either R. sanguineus or
A. ovale ticks.

Chuviridae. Two species of miviruses were identified in this study. The first, identified in R. microplus, has
high similarity (99% aa) to Wuhan mivirus (WMV)!® and was detected in 88% of the R. microplus ticks sampled
and one R. sanguineus sample. The second mivirus, tentatively named brown dog tick mivirus 1 (BDTMV1), was
identified in R. sanguineus and had 63% aa similarity to the polymerase of Changping mivirus'>. BDTMV1 was
identified in 12% of the R. sanguineus individuals and was absent in all other tick species surveyed in this study.
Both of WMV (Trinidad) and BDTMV1 had a circular genome organization with 4 open reading frames (ORFs),
similar to other tick-borne miviruses and clustered with other known tick-borne miviruses (Fig. 4).

Rhabdoviridae. We identified sequences from a novel rhabdovirus in the one pool of A. ovale ticks, tenta-
tively named Blanchseco virus (BCOV). This virus was highly divergent from the most closely related rhabdo-
virus, Bole tick virus 2 (BTV2)", with only 57% aa similarity in the polymerase. The genome of BCOV has the
classical rhabdovirus genome organization of N-P-M-G-L, with no additional large ORFs. Comparison of the
RNA-dependent RNA polymerase (RdRp) protein sequence revealed that Blanchseco forms part of a monophy-
letic cluster with other tick-borne rhabdoviruses within the dimarhabdovirus super group (Fig. 5). BCOV was
found in only one out of 18 A. ovale ticks (6%).

Flaviviridae. Sequences from two viruses with similarity to viruses within the Flaviviridae family were iden-
tified. The first, tentatively named Trinbago virus (TBOV), is a novel virus with an overall 86% aa similarity to
the polyprotein of Bole tick virus 4 (BTV4), a virus recently identified in China®. TBOV shares greatest amino
acid similarity to viruses within the genus Pestivirus (<30% within the nonstructural protein 3 (NS3) and non-
structural protein 5 (NS5) peptides). Phylogenetic analysis of the NS5 protein indicates that TBOV clusters with
a group of viruses that form a distinct clade outside Pestivirus, suggesting that they represent a novel genus within
Flaviviridae (Fig. 6). TBOV was the only virus from this study identified in all three tick species, with a prevalence
of 24% in R. sanguineus, 3% in R. microplus, and 6% in A. ovale.

The second flavivirus clusters with the Jingmen tick virus (JTV) group, a recently identified group of
multi-segmented Flaviviridae-like viruses*®. Complete coding regions of two separate genotypes were assem-
bled and tentatively named Jingmen tick virus (Centeno) [JTV(C)] and Jingmen tick virus (Aripo Savannah)
[JTV(AS)]. Both viruses contained four segments. Segment 1 encodes a NS-5 like protein, segment 2 encodes
a putative glycoprotein, segment 3 encodes a NS-3 like protein, and segment 4 encodes the putative VP-2 VP-3
proteins?*44L JTV(C) and JTV(AS) are 95% aa and 94% aa identical to the next closest JTV within the NS5-like
protein, respectively. The multi-segmented Flaviviridae-like viruses form two distinct clades with all the viruses
within the JTV group forming one monophyletic cluster (Fig. 6). While JTV(C) was identified from ticks col-
lected at multiple geographical regions (both Centeno and Cedros), JTV(AS) was identified only from ticks col-
lected from sites within the Aripo Savannah. The prevalence of JTV (C) was 46% in R. microplus ticks, and the
prevalence of JTV(AS) was 6%. We did not identify any co-infections with both JTVs.
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YP 003848704.1 Rift Valley fever phlebovirus
API168884.1 Frijoles phlebovirus

YP 009512941.1 Punta Toro phlebovirus

YP 004347993.1 Candiru phlebovirus

YP 009227127.1 Salehabad phlebovirus
API168880.1 Bujaru phlebovirus

YP 089669.1 Sandfly fever Naples phlebovirus
BBE15818.1 Mukawa phlebovirus

NP 941973.1 Uukuniemi phlebovirus
100 [ AJG39254.1 Tacheng tick virus 1
o 92| L AJG39235.1 Changping tick virus 1
All01799.1 American dog tick phlebovirus
1 @ Lihan tick virus (Trinidad)
AJG39242.1 Lihan tick virus
| 4 Brown dog tick phlebovirus 1
9 AJG39234.1 Bole tick virus 1

99
100
100

@ Brown dog tick phlebovirus 2
100 L ASM41892.1 Tick phlebovirus
971 ANG97695.1 Blacklegged tick phlebovirus 3

ASY03248.1 Norway phlebovirus 1
o [[Al101803.1 Blacklegged tick phlebovirus 2
100! AII01806.1 Blacklegged tick phlebovirus 1
YP 009047242.1 Heartland bangyangvirus

100
101

100 | ADZ95575.1 Huaiyangshan banyangvirus
98l ALQ33265.1 Guertu banyangvirus
NP 620522.1 Rice stripe tenuivirus

¥ AJG39260.1 Horsefly horwuvirus

AOX47534.1 Pidgey pidchovirus
-|:YP 009330283.1 Lepidopteran hudovirus
82 YP 009329894.1 Dipteran hudivirus

;E:’ 009305000.1 Fly wubeivirus
APG79288.1 Dipteran wubeivirus
YP 009505327.1 Badu phasivirus
AEJ38175.1 Gouleako goukovirus
AGW51765.1 Dipteran beidivirus
91 AOF41426.1 Mothra mobuvirus

NP 690576.1 Dugbe orthonairovirus

2

Figure 2. Phylogenetic relationships of Phenuiviridae based on a 483-aa fragment of the RdRp that includes the
premotif through motif E of the conserved palm domain.

Viral richness. Differences in the viral richness between the three tick species were significant at
p=>5.70 x 10717, and all three post hoc pairwise comparisons were also significant after Bonferroni correction
(Table 2).

Discussion
The focus of this study was on tick species that parasitize companion animals as well as livestock. The close
proximity of these animals to humans may increase the risk of zoonotic transmission. Since R. microplus is a
single-host tick, and the preference of R. sanguineus is to hide on building structures and in crevices, using a
drag-flag collection method for these species was not practical. Therefore, the sampling strategy chosen was
to collect ticks directly from infested animals (cattle and dogs) and their habitat from different regions of the
country. This affected collection success, which was higher for R. sanguineus and R. microplus than for A. ovale.
Since dogs are not the primary hosts for A. ovale, we speculate that these ticks attached to the dogs as they tracked
animals through the bush during hunting.

This study characterized the virome of the tick species parasitizing companion animals and livestock
in Trinidad and Tobago. Viruses related to those identified in the current study have been identified in other
metagenomic tick virome analyses in North America, South America, Asia, and Northern Europe. Similar viruses
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AlE44666.1 Eggplant mosaic virus
NC 014127.1 Chiltepin yellow mosaic virus
NC 020471.1 Andean potato mild mosaic virus
NC 020470.1 Andean potato latent virus
NC 021851.1 Tomato blistering mosaic virus
NC 002588.1 Chayote mosaic virus
NC 011559.1 Anagyris vein yellowing virus
NC 011539.1 Plantago mottle virus
NC 001513.1 Ononis yellow mosaic virus
NC 011537.1 Scrophularia mottle virus
NC 011086.1 Diascia yellow mottle virus
891 NC 011538.1 Nemesia ring necrosis virus
— NC 003634.1 Physalis mottle virus
NC 007609.1 Dulcamara mottle virus
NC 004063.1 Turnip yellow mosaic virus
—— NC 015523.1 Asclepias asymptomatic virus
KY823429.1 Passion fruit yellow mosaic virus
‘EC 001746.1 Kennedya yellow mosaic virus
NC 009532.1 Okra mosaic virus
NC 001977.1 Erysimum latent virus
NP 037648.1 Poinsettia mosaic virus
YP 004300303.1 Fig fleck-associated virus
NP 542613.1 Grapevine fleck virus
NC 030693.1 Grapevine Red Globe virus
YP 004464931.1 Bombyx mori Macula-like virus
100! YP 009505643.1 Bombyx mori latent virus
YP 002775441.1 Grapevine Syrah virus 1
YP 009351862.1 Grapevine rupestris vein feathering virus
NC 033828.1 Peach virus D
NC 002786.1 Maize rayado fino virus
YP 004464920.1 Switchgrass mosaic virus
NC 013920.1 Olive latent virus 3
YP 009505639.1 Blackberry virus S
NP 044448.1 Oat blue dwarf virus
YP 009315885.1 Grapevine asteroid mosaic associated virus
NC 029063.1 Nectarine virus M
YP 224294.1 Citrus sudden death-associated virus

_|: NC 027631.1 Bee Macula-like virus
95 YP 009159827.1 Varroa Tymo-like virus

AYV61004.1 Guarapuava tymovirus-like 1
97 AYV61006.1 Guarapuava tymovirus-like 2
90! @ Cattle Tick Tymovirus-like Virus 1

NC 018703.1 Culex originated Tymoviridae-like virus
NP 068550.1 Botrytis virus F

82

Figure 3. Phylogenetic relationship of Tymovirales based on a 1068-aa alignment of the replicase polyprotein.

have been reported to be present in Ixodes, Dermacentor, Rhipicephalus and Hyalomma ticks, despite the extensive
evolutionary distance between these genera suggesting a possible symbiotic relationship for some of these viruses
with their tick hosts. Analyses of additional tick species from diverse geographical areas will help in confirming
the evolutionary association of these viruses with their tick hosts.

In previous work, phlebovirus-like viruses that were distinct from other bunyaviruses in that they did not have
a glycoprotein-encoding M-segment were also discovered®*?. Other groups have subsequently identified similar
viruses in ticks from Europe, South America, North America, and Asia!*-?!. We found three such viruses in this
study. Lacking the glycoprotein for cellular attachment, these phlebovirus-like viruses currently defy traditional
classification, and further work is required to determine if they can form virions, and complete transmission
cycles without a glycoprotein®. Because of their high prevalence, high similarity across broad geographic regions,
and ability to be transovarially transmitted®, these viruses may represent viral endosymbionts that are not under
selective immunological pressure. One possible scenario is that they are helper-dependent viruses, requiring assis-
tance from another microbe or even the host in order to gain cellular entry. Curiously, previous viral metagen-
omic studies of Amblyomma americanum, did not detect any M segment-less phlebovirus-like viruses*#?*. They
were also absent in the 18 A. ovale ticks analyzed in this study. These results suggest that Amblyomma ticks may
have lost these viruses over time, and further investigations into ticks from other geographical locations would be
required to test this hypothesis.
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100 @ Brown dog tick mivirus 1
_|—_YP 009177704.1 Changping mivirus
. AlY53910.1 Suffolk mivirus

YP 009177701.1 Bole mivirus

YP 009254000.1 Lonestar mivirus
| WE{ 4 Wuhan mivirus (Trinidad)
1001 YP 009177722.1 Wuhan mivirus
100 AJG39070.1 Louse fly mivirus
100 |: AJG39073.1 Hippoboscid mivirus
YP 009177707.1 Dermacentor mivirus
| 100 I:YP 009337856.1 Brunnich mivirus
YP 009337860.1 Crustacean mivirus
AJG39060.1 Crab mivirus
YP 009177716.1 Argas mivirus
YP 009337089.1 Hubei odonate mivirus
i:AJG39051.1 Lishi mivirus
AJG39067.1 Cockroach mivirus
YP 009337904.1 Hubei mivirus
— YP 009177719.1 Mosquito mivirus
100 ’ YP 009182177 Imjin mivirus
YP 009337428.1 Sanxia mivirus
YP 009336946.1 Odonate mivirus
YP 009344984.1 Xinzhou mivirus
YP 009336632.1 Wenling mivirus
YP 009333178.1 Barnacle mivirus
YP 009330113.1 Myriapod mivirus
YP 009302836.1 Charybdis mivirus

YP 009333157.1 Hermit mivirus
AJG39082.1 Lacewing mivirus

100 _|:YP 009300663.1 Shayang mivirus
92 YP 009336866.1 Beetle mivirus

99

94

86

—_
0.5

Figure 4. Phylogenetic relationships of Chuviridae based on a 377-aa alignment of the RdRp.

Miviruses (family Chuviridae) were first discovered in ticks and novel species have been frequently identified
in tick metagenomic studies'8-2>*%>. Miviruses have only recently been classified by the International Committee
on Taxonomy of Viruses (ICTV). They belong to the order Jingchuvirales, and were originally associated with
viruses within the order Mononegavirales. Jingchuvirales display variable genomic organization, including
monopartite linear, monopartite circular, and multipartite circular genomes®. To date, miviruses have been
predominantly identified in arthropods, and in a single nematode. Similar to the phlebovirus-like viruses, they
also have high similarity across broad geographic ranges. For example, miviruses identified in both China and
Trinidad share 99% similarity when comparing amino acid sequences. At least one species has been reported to
be transovarially transmitted and may be endosymbionts*.

This study identified a putative highly divergent tymovirus. These viruses are typically associated with plants,
where they can cause mosaic disease*?. Arthropods are presumed to be mechanical vectors, and as a result, tymo-
viruses are occasionally identified in arthropod metagenomic studies. We speculate that CTTV1, the virus iden-
tified in our study, may have been present on the tick cuticle or acquired through the spiracles.

The novel rhabdovirus BCOV was identified in one of 18 ticks removed from canines at a single kennel.
Rhabdoviridae comprise a wide range of arthropod-borne and zoonotic vertebrate pathogens. Viruses within two
genera in this family, Lyssavirus and Ephemerovirus, can infect the cells of the central nervous system, and cause
gradual paralysis***. At the kennel where all 18 A. ovale ticks were obtained, one dog suffered from hind limb
paralysis and general weakness. It is possible that this dog was suffering from tick paralysis, a reaction caused by
a toxin in the tick’s saliva that can also cause progressive motor paralysis**. Alternatively, the paralysis may have
been due to central nervous system infection with this novel rhabdovirus.

TBOV clusters with an increasing number of novel viruses within the family Flaviviridae that are genetically
distinct from flaviviruses in ICT V-recognized genera®®. These viruses contain NS3 and NS5 domains most similar
to viruses within the genus Pestivirus. In previous tick metagenomic studies, viruses had a high degree of associa-
tion to a single host, being rarely detected in multiple tick species!®*?"*>?425, The majority of tick-borne viruses are
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100 AWK68120.1 Wuhan tick virus 1
YP 009304331.1 Tacheng tick virus 3
@ Blanchseco virus
YP 009287864.1 Bole tick virus 2
AYP67529.1 Manly virus
ASY03261.1 Norway mononegavirus 1
YP 009288322.1 Huangpi tick virus 3
AUX13124.1 American dog tick rhabdovirus 2
YP 009304479.1 Taishun tick virus
YP 009344978.1 Xingshan nematode virus 4
YP 009344982.1 Xinzhou dimarhabdovirus virus 1
YP 009344989.1 Xinzhou nematode virus 4
NP 065409.1 Bovine fever ephemerovirus
YP 007641376.1 Tibrogargan tibrovirus
YP 009512997.1 Flanders hapavirus
YP 009512988.1 Curionopolis curiovirus
YP 009336837.1 Hubei lepidoptera virus 2
YP 009505526.1 Durham tupavirus
YP 009505503.1 Drosophila melanogaster sigmavirus
YP 009361873.1 Le Dantec ledantevirus
YP 007641367.1 Perch perhabdovirus
NP 116748.1 Carp sprivivirus
98 YP 009505326.1 Indiana vesiculovirus
YP 009094143.1 Moussa virus
NP 056797.1 Rabies lyssavirus
YP 009094394.1 Puerto Almendras almendravirus
YP 002308576.1 Lettuce big-vein associated varicosavirus
YP 425092.1 Lettuce necrotic yellows cytorhabdovirus
YP 001294929.1 Orchid fleck dichorhavirus
100 YP 004927971.1 Potato yellow dwarf nucleorhabdovirus
NP 042681.1 Salmonid novirhabdovirus
NP 056924.1 Measles morbillivirus

100

Figure 5. Phylogenetic relationship of Rhabdoviridae based on a 1,255-aa alignment of the RdRp.

A B 100 AYV61021.1 Jingmen tick virus (Brazil)
81l AYV61033.1 Jingmen Tick virus (Brazi)

YP 009351917.1 Mogiana tick virus (Brazil)

96 AYV61016.1 Jingmen tick virus (Brazi)

AOD41697.1 Jingmen tick virus (Africa)

931L vp 009029999.1 Jingmen tick virus (China)

Pegivirus

Pestivirus
® Jingmen tick virus (Aripo Savannah)
100, [ ® Jingmen tick virus Segment (Centeno)
AXH37995.1 Jingmen tick virus (Kosovo)
11001 AXH37997.1 Jingmen tick virus (Kosovo)
AXE71873.1 Alongshan virus (China)

YP 009179401.1 Shuangao insect virus 7
YP 009179403.1 Wuhan flea virus
'YP 009179378.1 Wuhan aphid virus 2
98 YP 009179388.1 Wuhan aphid virus 1

'YP 009179222 Xinzhou spider virus 2

YP 009254745.1 Wuhan centipede virus

YP 009179217.1 Tacheng tick virus 8

YP 009388303.1 Apis flavivirus

YP 009028573.1 Soybean cyst nematode virus 5
YP 009179226 Beihai barnacle virus 1
'YP 009179221.1 Bole tick virus 4

1001 4 Trinbago virus

YP 009179218.1 Sanxia water strider virus 6
YP 009175071 Macrosiphum euphorbiae virus 1

YP 009179224 Gamboa mosquito virus

YP 009179225.1 Shayang fly virus 4

'YP 009179223.1 Shuangao lacewing virus 2

YP 009179220.1 Xingshan cricket virus

Hepacivirus

Unclassified Pesti-like viruses

Unclassified multi-segmented Flavi-like viruses

100

5 05
Flavivirus 05

Figure 6. Phylogenetic relationships of Flaviviridae based on an alignment of a 655-aa conserved region of the
NS5. (A) Phylogenetic tree of all species belonging to Flaviviridae. (B) Close up view of the unclassified multi-
segmented Flavi-like group. (C) Close up view of the unclassified Pesti-like group.

vertically and not horizontally transmitted*>”. TBOV was unique in that it was detected in all three tick species
we examined. We propose that the ability of TBOV to infect multiple tick species suggests that it is unlikely to
be a tick endosymbiont and instead is likely to be acquired from a vertebrate host. Because flaviviruses can cause
human and animal disease, the association of TBOV virus with tick-borne illness warrants further investigation.

The Jingmen tick viruses are the only viruses identified in this study that were previously shown to infect a
vertebrate host. JTV was first isolated from R. microplus ticks and from JTV antibody-positive cattle serum from
China*® and later in both ticks and blood from cattle in Brazil?2. Recently, this virus was detected as a co-infection
in serum from three patients suffering from Crimean Congo hemorrhagic fever in Kosovo*. It was also detected

SCIENTIFICREPORTS|  (2079)9:10421 | https://doi.org/10.1038/s41598-019-46914-1 7


https://doi.org/10.1038/s41598-019-46914-1

www.nature.com/scientificreports/

Average number of Standard
Species viruses (individual tick) | deviation
A. Ovale** 0.11 +0.32
R. sanguineus®* 2.18 +0.82
R. microplus®* 2.35 +0.68

Table 2. Viral richness by tick species. *Pairwise comparison of A. ovale and R. sanguineus: p=1.82 x 10714,
*Pairwise comparison of A. ovale and R. microplus: p=1.55 x 10~ *Pairwise comparison of R. sanguineus and
R. microplus: p=8.24 x 107°.

in a red colobus monkey in Uganda®. The pathogenicity of JTV is unknown. We detected two strains of JTV in
Trinidad and Tobago but they did not occupy the same geographical space. This may be due to cross-immunity
within cattle populations, niche separation, or ecological boundaries.

In addition to pursuing virome characterization, we were also interested in examining the relative richness
of viral diversity by tick species. Our data show that A. ovale ticks harbor fewer viruses than both Rhipicephalus
species. Each pool of R. sanguineus and R. microplus included a greater number of viruses than the single A. ovale
pool. We acknowledge that the limited number of A. ovale collected may contribute to this result but note prec-
edent for differences in viral diversity by tick species. In a study carried out in the United States, A. americanum
was found to contained fewer viruses than Ixodes scapularis and Dermacentor variablis ticks*.

The clinical implications of our findings are unclear but provide the foundation required to establish the
molecular and serological tools required to investigate the role of tick-borne viruses in diseases of dogs and other
animals.

Methods

Sample collection. Ticks were collected in Trinidad and Tobago in 2017 and 2018 using convenience
sampling, collecting ticks off of the animals they parasitize. Select locations were targeted for collection such as
the humane society and animal welfare organizations. Sampling was also conducted in locations at the sylvatic
interface where dogs were used for hunting purposes. To collect ticks associated with livestock, government and
private farms were targeted. To remove ticks from the animals, a Tick Tornado, a forceps-like device designed
specifically to remove ticks without harming the host or the tick itself, was used following the manufacturer’s
protocol.

Ticks from individual animals were placed into sterile tubes (all ticks removed from one animal in a single
tube) and stored at 4 °C during transport. On arrival at The University of West Indies, they were flash frozen at
—80°C. Samples were stored at —80 °C until they were shipped on dry ice to Columbia University for further
processing.

Nucleic acid extraction and species determination. Prior to nucleic acid extraction, ticks (separated
according to individual animal source) were each washed in 1 ml of hydrogen peroxide followed by three washes
with 1 ml of ultraviolet-irradiated, nuclease-free water and then air-dried. Individual ticks were then transferred
into a 1.7 ml microcentrifuge tube containing 100 ul of viral transport media (VTM) (Becton Dickinson) and
homogenized. Total nucleic acid (TNA) was extracted from 33 pl of tick homogenate on the EasyMag platform
(BioMerieux)* and eluted in 40 ul. From each sample, 11 pl of the TNA was aliquoted for RT-PCR while the
remainder was stored at —80°C.

To identify the tick species, a barcoding PCR was performed using primers targeting the 16s rRNA mitochon-
drial gene®'. All PCR products were confirmed using Sanger sequencing.

Library preparation and genome assembly. Following species confirmation, 33 ul of original VTM
homogenate from individual ticks were pooled according to species (n =20 per pool) to create libraries for
high-throughput sequencing (HTS). Before extraction on the EasyMag platform (BioMerieux), 300 ul of pooled
material was purified to enrich for viral particles. Pools were filtered (0.45uM) then treated with RNase A
(15 minutes at room temperature) and Turbo DNase and Benzonase (30 minutes at room temperature). This
method degrades nucleic acids that are not protected by the presence of a viral capsid. TNA (11 pl) from each
tick pool was subjected to first and second-strand cDNA synthesis with Super Script III reverse transcriptase
(Invitrogen) and exo- Klenow fragment, respectively.

Double-stranded DNA was mechanically sheared to an average length of 200 nt and purified using the
Focused-Ultrasonicator E210 (Covaris, Woburn, MA). Sequencing was performed on the Illumina HiSeq. 4000
system (Illumina, San Diego, CA) using the Hyper Prep kit (KAPA Biosystems, Boston, MA). The demultiplexed
FastQ files were adapter trimmed using the cutadapt program (v1.8.3)*2. Adapter trimming was followed by
generation of quality reports using FastQC software (v0.11.5), which were used to determine filtering criteria
based on the average quality scores of the reads, presence of indeterminate nucleotides, and homopolymeric
reads®®. The reads were quality filtered and end trimmed with PRINSEQ software (v0.20.3)>%. Host background
levels were determined by mapping filtered reads against a tick reference database (consisting of all Ixodes scap-
ularis, Ambylomma americanum, and Dermacentor variabilis sequences present in genbank as of June 2018)
using Bowtie2 mapper (v2.2.9)%. The host-subtracted reads were de novo assembled using the MIRA (4.0) and
MEGAHIT (1.1.x) assemblers®®>. Contigs and unique singletons were subjected to homology search using
Megablast against the GenBank nucleotide database. Sequences that showed low or no homology at the nucleo-
tide level were subjected to a BLASTX homology search against the viral GenBank protein database. Sequences
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from viral BLASTX analysis were submitted to a second round of BLASTX homology search against the com-
plete GenBank protein database to correct for biased E values and taxonomic misassignments. For some viruses
present at a low abundance, we only obtained interspersed reads and no contigs. In these cases, we used PCR on
cDNA from the virus-positive pool to fill in gaps in the sequence.

Phylogenetic analysis. Protein sequences were aligned using ClustalW in Geneious 10.2.4. Phylogenetic
trees were constructed with MEGA 7.0.26%, and the robustness of each node was determined using 1,000 boot-
strap replicates using a maximum likelihood (ML) method employing an LG 4 G 4 I model with nearest-neighbor
interchange (NNI) determined to be the best model through a ML fit of 56 different amino acid substitution
models®.

PCR screening. Virus-specific primers were designed for each virus identified through HTS using
Primer3Plus. All PCRs were performed using AmpliTaq Gold 360 master mix following the manufacturer’s pro-
tocol with the following conditions: heat activation at 95 °C for 10 minutes, 40 cycles of 95°C for 30 seconds, 55°C
for 30 seconds, 72 °C for 30 seconds, and 72 °C for 5 minutes before storing the samples at 4 °C. The PCR products
were visualized on a 1.5% agarose gel with Gel Green. All individual ticks were screened for the presence of each
virus identified through HTS. A representative set of PCR products were confirmed using Sanger sequencing.

Statistical methods. Differences in viral richness among the three tick species were compared by the
Kruskal-Wallis test with post hoc tests using Bonferroni correction controlling the family-wise error rate at
a=0.05 level. All p-values were two-tailed.

Ethical approval. All experimental protocols were approved through The University of the West Indies (St.
Augustine Campus) ethics committee and in accordance with relevant guidelines and regulations.

Data Availability

The complete genome sequences generated during the current study are available in the GenBank repository
under accession numbers MN025503:MN025521. The HTS data generated during the current study are available
in the NCBI SRA repository under the accession numbers SRR9212027:SRR9212058, https://www.ncbi.nlm.nih.
gov/sra/PRINA546804.
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