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ABSTRACT

Until the recent emergence of two human-pathogenic tick-borne phleboviruses (TBPVs) (severe fever with thrombocytopenia syn-
drome virus [SFTSV] and Heartland virus), TBPVs have been neglected as causative agents of human disease. In particular, no studies
have addressed the global distribution of TBPVs, and consequently, our understanding of the mechanism(s) underlying their evolu-
tion and emergence remains poor. In order to provide a useful tool for the ecological and epidemiological study of TBPVs, we have
established a simple system that can detect all known TBPVs, based on conventional reverse transcription-PCR (RT-PCR) with degen-
erate primer sets targeting conserved regions of the viral L genome segment. Using this system, we have determined that several viruses
that had been isolated from ticks decades ago but had not been taxonomically identified are novel TBPVs. Full-genome sequencing of
these viruses revealed a novel fourth TBPV cluster distinct from the three known TBPV clusters (i.e., the SFTS, Bhanja, and Uukuniemi
groups) and from the mosquito/sandfly-borne phleboviruses. Furthermore, by using tick samples collected in Zambia, we confirmed
that our system had enough sensitivity to detect a new TBPV in a single tick homogenate. This virus, tentatively designated Shibuyunji
virus after the region of tick collection, grouped into a novel fourth TBPV cluster. These results indicate that our system can be used as
a first-line screening approach for TBPVs and that this kind of work will undoubtedly lead to the discovery of additional novel tick
viruses and will expand our knowledge of the evolution and epidemiology of TBPVs.

IMPORTANCE

Tick-borne phleboviruses (TBPVs) have been largely neglected until the recent emergence of two virulent viruses, severe fever with
thrombocytopenia syndrome virus and Heartland virus. Little is known about the global distribution of TBPVs or how these viruses
evolved and emerged. A major hurdle to study the distribution of TBPVs is the lack of tools to detect these genetically divergent phle-
boviruses. In order to address this issue, we have developed a simple, rapid, and cheap RT-PCR system that can detect all known TBPVs
and which led to the identification of several novel phleboviruses from previously uncharacterized tick-associated virus isolates. Our
system can detect virus in a single tick sample and novel TBPVs that are genetically distinct from any of the known TBPVs. These re-
sults indicate that our system will be a useful tool for the surveillance of TBPVs and will facilitate understanding of the ecology of TBPVs.

Until the recent emergence of two highly virulent human-
pathogenic tick-borne phleboviruses (TBPVs), severe fever

with thrombocytopenia syndrome virus (SFTSV) (1) and Heart-
land virus (HRTV) (2), the TBPVs were largely neglected as caus-
ative agents of human disease, whereas the mosquito- or sandfly-
borne phleboviruses, such as Rift Valley fever virus or Toscana
virus, have been well studied. At present, there are three distinct
genetic groups of TBPVs within the genus Phlebovirus, family Bu-
nyaviridae (the SFTS group, the Bhanja group, and the Uukuni-
emi group) (3, 4). The global distribution of these viruses is poorly
understood, except for the local distributions of SFTSV and
HRTV in their respective geographic areas where they are endemic
(5–8). Despite the worldwide distribution of ticks and their occur-
rence in diverse ecologic zones (9), the evolutionary mecha-
nism(s) underlying the emergence of pathogenic TBPVs, such as
SFTSV and HRTV, is unknown.

Except for SFTSV and HRTV, the potential virulence of other
TBPVs for humans and/or animals is still unclear. Bhanja virus

(BHAV), a representative of the Bhanja group, is known to have
caused febrile illness in a few patients following both natural and
laboratory infections (10, 11). Uukuniemi virus (UUKV), a rep-
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resentative of the Uukuniemi group, has also been documented as
a suspected causative agent of a febrile illness in three patients
(12). Serological studies of TBPVs from both the Bhanja and Uu-
kuniemi groups indicate that humans and several other animal
species can be infected with these viruses (12–15). Despite the
reports of isolated human cases and seropositivity in some popu-
lations, no outbreaks associated with Bhanja or Uukuniemi group
virus infection have been recognized. After the initial isolation and
identification of SFTSV, additional SFTS cases were identified ret-
rospectively using stored tissue samples from patients who died of
a febrile illness of unknown origin (16–19). This suggests that the
diseases caused by TBPVs may be difficult to detect and to identify
clinically due to their limited geographic distributions and atypical
symptoms. A similar scenario occurred following the initial isolation
and description of other tick-borne bacterial or parasitic agents (Bor-
relia burgdorferi, Ehrlichia chaffeensis, and Babesia microti [9]).
Indeed, SFTS was initially diagnosed as anaplasmosis (1, 20).

Another reason why the TBPVs have been neglected could be
the genetic divergence among different groups of TBPVs; for ex-
ample, nucleotide sequence identities are 40 to 45% between the
SFTS and Bhanja groups and only about 35% between the Uuku-
niemi group and the two other groups (3). This has hampered our
ability to develop a single diagnostic tool for all TBPVs and has
made it difficult to detect novel TBPVs using the existing tools. In
order to identify the potential impact of TBPV infections on pub-
lic health, a diagnostic tool that could also be used in field studies
and that targeted a wide range of TBPVs was needed. Recent ad-
vancements and increased availability of next-generation se-
quencing (NGS) technologies, which can read nucleotide se-
quences using sequence-independent amplification, allowed us to
easily determine the genome sequences of several novel TBPVs.
While all the complete genome sequences of TBPVs reported since
the initial description of SFTSV in 2011 (1), HRTV (2), BHAV (3,
21), Lone Star virus (22), Malsoor virus (23), Hunter Island virus
(24), Khasan virus (25), Komandory virus (26), American dog tick
phlebovirus, and blacklegged tick phlebovirus (27) were done using
NGS, it would be technically difficult to apply this approach for large-
scale screening and field material, because of the cost and labor
needed to produce sufficient reads of unknown pathogen sequences.
Therefore, a detection system based on conventional reverse tran-
scription-PCR (RT-PCR) that targets a wide range of TBPVs would
be required for initial screening of samples prior to NGS.

Currently, approximately 40 viruses are listed as bunyaviruses
but remain taxonomically unassigned to a species/genus due to
the lack of genome sequence information and/or serological
cross-reactivity with other known bunyaviruses (28). Recent work
on the retrospective identification of uncharacterized bunya-like
viruses by us and others has identified the tick-borne BHAV and
Lone Star virus as novel species in the genus Phlebovirus that are
genetically related to the SFTS/Heartland group (3, 21, 22). In-
triguingly, several other taxonomically unassigned bunyaviruses,
such as Kaisodi virus (29), Lanjan virus (30), and Silverwater virus
(31), and a serological member of the Bhanja group, Kismayo
virus (32), were also isolated from ticks, suggesting that NGS of
such taxonomically unassigned tick-borne bunyaviruses may help
us to gain further knowledge about the taxonomy, evolution, and
epidemiology of TBPVs, and thus help us to better assess the zoo-
notic disease potential of these viruses.

In the present study, we report the establishment of an RT-
PCR system that can detect all known TBPVs, based on degenerate

primers that bind to conserved regions of the L segment RNA of
TBPVs. Moreover, we applied our RT-PCR practically to both the
retrospective identification of Kaisodi, Lanjan, Silverwater, and
Kismayo viruses and to the discovery of a novel TBPV from field
tick samples collected in Zambia where the distribution of TBPVs
is totally unknown. Further characterization of these latter novel
TBPVs was also done.

MATERIALS AND METHODS
Viruses and viral RNAs. The virus strains used in this study were kindly
provided by the Division of Vector-Borne Diseases (DVBD), arbovirus
reference collection, Centers for Disease Control and Prevention (CDC),
the World Reference Center for Emerging Viruses and Arboviruses
(WRCEVA) arthropod-borne virus reference collection at the University
of Texas Medical Branch (UTMB) and by Mifang Liang at the Chinese
Center for Disease Control and Prevention (Chinese CDC). The informa-
tion regarding their origin is summarized in Table S1 in the supplemental
material. Viral RNAs used in the present study were extracted from the
original stock material provided by the resources named above or super-
natants of cell culture using the QIAamp viral RNA Mini Kit (Qiagen).

RNA extraction from ticks. Ticks attached to cattle were removed,
and each individual tick was homogenized with 300 �l of Dulbecco’s
modified Eagle medium (DMEM; Sigma-Aldrich) using a homogenizer
(TOMY SEIKO) run twice at 3,000 rpm. Then, 140 �l of the homogenized
sample was mixed with 500 �l of TRIzol LS reagent (Invitrogen), and total
RNA was extracted following the manufacturer’s protocol. Experiments
with these tick samples were performed at the Hokudai Center for Zoo-
nosis Control in Zambia.

Cells and virus titration. The Huh-7 (human hepatocellular carci-
noma) cell line kindly provided by Yoshiharu Matsuura (Osaka Univer-
sity) was grown in DMEM supplemented with 10% fetal calf serum (FCS),
2 mM L-glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin (Life
Technologies). SFTSV strain SD4, HRTV, and BHAV strain R-1819 were
passaged in Huh-7 cells and titrated by immunostaining with mouse an-
tibodies raised against each virus. Immunostaining was performed as fol-
lows. Huh-7 cells were infected with serial dilutions of each virus and fixed
with 10% formaldehyde in phosphate-buffered saline (PBS) 3 to 5 days
after infection. Then, the cells were permeabilized with 0.5% Triton X-100
in PBS for 10 min followed by blocking with 3% BSA–PBS (PBS contain-
ing 3% bovine serum albumin) for 1 h. After the cells were rinsed with
PBS, they were incubated with the mouse antibodies (diluted 1:100 to
1,000 in PBS) for 1 h and rinsed three times. Virus-infected cells were
visualized using horseradish peroxidase (HRP)-conjugated donkey anti-
mouse IgG (H�L) (Jackson ImmunoResearch) and Sigmafast 3,3=-di-
aminobenzidine tablets (Sigma-Aldrich).

Primers and one-step RT-PCR. The initial screening of the primers
(the primer sequences available upon request) was performed with RNAs
of SFTSV HB29 and SD4, HRTV Mo4, BHAV R-1819, and UUKV S23
with the PrimeScript one-step RT-PCR kit, version 2 (Dye Plus) (TaKaRa)
using 1 �l of viral RNA and 4 pmol of each primer in 10 �l of reaction
solution with the following incubation program: (i) 50°C for 30 min; (ii)
94°C for 2 min; (iii) 40 cycles with 1 cycle consisting of 94°C for 30 s,
55°C/58°C/60°C for 30 s, and 72°C for 1 min/1 kb; and (iv) 72°C for 5 min.
Then, two primer sets were selected. The ppL1 set consisted of primers
TBPVL2759F (F stands for forward) and TBPVL3267R, and the ppL2 set
consisted of primers HRT-GL2759F and HRT-GL3276R (Table 1). One-
step RT-PCR was performed with the PrimeScript one-step RT-PCR kit
version 2 (Dye Plus) using 1 �l of viral RNA and 4 pmol of each primer in
10 �l of reaction solution with the following incubation program: (i) 50°C
for 30 min; (ii) 94°C for 2 min; (iii) 40 cycles with 1 cycle consisting of
94°C for 30 s, 55°C for 30 s, and 72° for 30 s; and (iv) 72°C for 5 min.
RT-PCR products were separated by electrophoresis on a 1% agarose gel
and visualized by ethidium bromide staining.

qRT-PCR and synthesized RNA standards. Quantitative real-time
RT-PCR (qRT-PCR) was performed using the PrimeScript RT Master
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Mix Perfect Real Time (TaKaRa) for reverse transcription following the
manufacturer’s protocol and using SYBR Premix Ex Taq (Tli RNase H
Plus; TaKaRa) for quantitative PCR. The qPCRs was performed using 1 �l
of RT product and 4 pmol of each primer in 10 �l of reaction solution with
the following incubation program on a CFX96 real-time system (Bio-
Rad): (i) 94°C for 2 min; (ii) 40 cycles with 1 cycle consisting of 94°C for 30
s, 55°C for 30 s, and 72° for 30 s; (iii) a melting temperature cycle. Quan-
tification cycle (Cq) values for each RNA dilution were calculated as an
average of 5 replicates.

Virus growth and NGS. Growth of Silverwater virus and Kismayo
virus was attempted in several cell lines. Briefly, viruses were grown in

cells in DMEM supplemented with 2% FCS, 2 mM L-glutamine, 50
U/ml penicillin, 50 �g/ml streptomycin (Life Technologies), and 10
�g/ml MycoKill AB (GE Healthcare). Virus growth was monitored
using the RT-PCR established in the present study. The culture super-
natants that were positive with the RT-PCR were harvested, and RNA
was extracted using TRIzol LS reagent for NGS as previously described (3).
The nucleotide sequences were resequenced by conventional RT-PCR and
Sanger sequencing (primer sequences available upon request).

Multiple-sequence alignment and phylogenetic analysis. The nucle-
otide sequences obtained for each genome segment, or the deduced amino
acid sequences of each of the open reading frames (ORFs), were aligned

TABLE 1 Primers used in the RT-PCR

Primer set Primer Binding regiona Sequenceb (5=¡ 3=)
ppL1 TBPVL2759F 2786–2803 CAGCATGGIGGICTIAGAGAGAT

TBPVL3267R 3281–3300 TGIAGIATSCCYTGCATCAT

ppL2 HRT-GL2759F 2786–2814 CAGCATGGIGGIYTIAGRGAAATYTATGT
HRT-GL3276R 3281–3309 GAWGTRWARTGCAGGATICCYTGCATCAT

a Nucleotide positions in the L segment RNA (cRNA) of Uukuniemi virus strain S23 (GenBank accession number D10759).
b Nonstandard nucleotides are as follows; I, inosine; R, adenine (A) and guanine (G); S, G and cytosine (C); W, A and thymine (T); Y, T and C.

FIG 1 Sensitivity of RT-PCR using newly designed primers. (A) Conserved regions of tick-borne phlebovirus (TBPV) proteins were manually selected based on
the multiple-sequence alignments. Two sets of primers (ppL1 and ppL2) were designed from the same conserved regions in the L protein ORF (indicated by black
arrowheads) to minimize the degeneracy of nucleotide sequences. (B and C) The sensitivities of conventional one-step RT-PCR using these two primer sets were
tested with serial dilutions of in vitro-synthesized RNAs (B) and viral RNAs (C) as the templates. The sensitivity of one-step quantitative RT-PCR (qRT-PCR) was
tested using serial dilutions of in vitro-synthesized RNAs. (D) Average Cq values (five replicates) are plotted against the number of RNA copies, and trend lines
calculated by semilog-line nonlinear regression analysis are also shown). Abbreviations: L, RNA-dependent RNA polymerase; NSs, nonstructural protein; N,
nucleocapsid protein; SFTSV, severe fever with thrombocytopenia syndrome virus; BHAV, Bhanja virus; TCID50, 50% tissue culture infectious dose; Cq,
quantification cycle.
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together with representative sequences of other known phleboviruses
available from GenBank (see Table S2 in the supplemental material) using
MUSCLE as implemented in MEGA, version 6 (33). Multiple-sequence
alignments were modified manually. Phylogenetic trees were constructed
using the maximum likelihood (ML) method. For ML analysis, the Ta-
mura-Nei model with gamma distributed with invariant sites (G�I) built
into MEGA 6 was used. The robustness of the nodes was tested by 1,000
bootstrap replications. The scale bar in each tree represents the distance
resulting from one character change.

Nucleotide sequence accession numbers. The genome sequences of
all TBPVs sequenced in the present study, including partial L segment
sequences of Kaisodi virus, Lanjan virus, and Shibuyunji virus, were de-
posited in GenBank under the following accession numbers (for S seg-
ment, M segment, and L segment): KM114246 to KM114257 and
KM370974 to KM370979.

RESULTS
Establishment of an RT-PCR system to detect a wide range of
TBPVs. To find conserved regions of TBPV genomic RNAs min-
imizing degeneracy of the primers, multiple-sequence alignments
were performed using the complete amino acid sequences of
known TBPV proteins obtained from GenBank (Fig. 1A). Con-
served regions were identified manually from the alignment, and
degenerate primers were designed based on the corresponding
nucleotide sequences. Initial screening of the primers was per-
formed with one-step RT-PCR using RNAs from representative
TBPVs (i.e., SFTSV HB29 and SD4, HRTV Mo4, BHAV R-1819,
and UUKV S23) under different conditions. Two primer sets
binding to the same regions of the L gene (ppL1 and ppL2 [Table
1]) that could detect all the viruses tested with minimal nonspe-
cific amplifications were selected, and a single cycle protocol that
maximized the sensitivity of these primer sets was established
(data not shown).

The sensitivity of the primer sets was determined using both in
vitro-transcribed RNA and viral RNA as the templates for both
conventional RT-PCR and qRT-PCR. The minimum amount of
synthesized RNA standard that could be detected using the con-
ventional RT-PCR with the ppL1 primers was 105 copies of the
SFTSV or UUKV standard or 106 copies of the BHAV standard.
With the ppL2 primers, the detection limit for all viruses was 106

copies of the RNA standard (Fig. 1B). The detection limits for
RNAs extracted from virus culture were equivalent to 102 50%
tissue culture infectious doses (TCID50) of HRTV, using the ppL2
primers, and approximately 103 TCID50 equivalents for SFTSV
and BHAV. With the ppL1 primers, all viruses were first detected
at 103 TCID50 equivalents (Fig. 1C). The standard curves indi-
cated that the detection limits for qRT-PCR (the lowest RNA copy
number with Cq value less than 40) were also between 102 and 103

copies with all synthesized RNAs tested (Fig. 1D). The specificity
of the amplification products was confirmed by Sanger sequenc-
ing.

The cross-reactivity of the primer sets to known TBPVs was
tested using the available TBPV RNAs (Fig. 2). Both primer sets
amplified specific fragments from all of the templates, except for
FinV707 virus, which was not detected using ppL2, and Zaliv Ter-
penia virus, which was not detected using ppL1. Thus, we have
established a one-step RT-PCR system that can detect a range of
TBPVs from all three known groups, Uukuniemi, Bhanja, and
SFTS/Heartland groups, using these two primer sets.

Retrospective identification of several TBPVs and assign-
ment into novel and existing species in the genus Phlebovirus.
Using our RT-PCR system, we first performed a retrospective
screening targeting taxonomically unassigned bunya-like viruses
isolated from ticks and some genetically uncharacterized tick-as-
sociated phleboviruses. These viruses had been characterized only
to a limited extent using biological and serological methods (i.e.,
electron microscopy, neutralization test, and complement fixa-
tion test) before the introduction of molecular biological tech-
niques. Our RT-PCR results have confirmed that two strains of
UUKV (Potepli 63 and SCOT FT 254 [34]), which were classified
as UUKVs serologically, are phleboviruses. The RT-PCR results
have also identified Kismayo virus, Kaisodi virus, Silverwater vi-
rus, and Lanjan virus as likely phleboviruses (Fig. 3A). All the
RT-PCR products were sequenced to confirm specific amplifica-
tions from TBPV L segment RNAs. Phylogenetic analysis using
the sequences obtained was employed to determine a tentative
taxonomic relationship to the known TBPVs (Fig. 3B). The phy-
logenetic tree indicated that Kismayo virus branched between

FIG 2 Cross-reactivity of RT-PCR using newly designed primers with known TBPVs. Cross-reactivity of the TBPV RT-PCR was tested using viral RNAs of
known TBPVs. Since viral RNA concentrations were not standardized, the band intensity does not reflect the sensitivity of the system. The phylogenetic tree,
which was constructed by the neighbor-joining (NJ) algorithm, at the bottom indicates the genetic relationship among the TBPVs tested. Abbreviations: SFTSV,
severe fever with thrombocytopenia syndrome virus; BHAV, Bhanja virus; PALV, Palma virus.
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Lone Star virus and the other Bhanja group viruses; UUKV Potepli
63 and UUKV SCOT FT 254 belonged to the Uukuniemi group
and were coupled with UUKV strain S23 (the prototype strain of
the Uukuniemi group) and FinV707 virus, respectively. Kaisodi
virus, Silverwater virus, and Lanjan virus branched from the an-
cestor of the Uukuniemi group together with Khasan virus to form

a novel group (tentatively named the Kaisodi group, after the se-
rological group), which was distinct from any other known groups
in the Phlebovirus genus. The sequence identity between Kismayo
virus and Bhanja group TBPVs was significantly higher than the
values between Kismayo virus and TBPVs belonging to the other
three groups (Fig. 3C). The sequence identity among Kaisodi

FIG 3 Retrospective identification of TBPVs. (A) Conventional RT-PCR was performed using RNA from uncharacterized bunyaviruses obtained from multiple
sources. (B) Each amplified RT-PCR fragment (around 500 bp) was sequenced, and a phylogenetic tree was constructed based on the fragment sequences and
reference sequences using the maximum likelihood (ML) method with 1,000 bootstrap replicates. Bootstrap probabilities above 70% are shown near the
branches. The viruses that were newly sequenced in the present study are shown in boldface type and underlined. (C) The sequence identity of the fragment
between the newly identified TBPVs (i.e., Kismayo virus, Silverwater virus, Kaisodi virus, and Lanjan virus) and known TBPVs. Each symbol shows the identity
value for an individual tick, and the median value for the genetic group is shown as a black bar. Abbreviations: UUKV, Uukuniemi virus; SFTSV, severe fever with
thrombocytopenia syndrome virus.
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group viruses was around 70% on average, while the identity be-
tween Kaisodi group viruses and the other three groups was less
than that.

Molecular characterization of retrospectively identified
TBPVs. We first tried to culture the retrospectively identified
TBPVs using various cell lines to produce supernatants with less
host RNA contamination than the original material (i.e., mouse
brain homogenates). After two or three passages, the supernatants

of these cells infected with the TBPVs were examined using our
TBPV RT-PCR to verify virus replication. Kismayo virus and Sil-
verwater virus have been confirmed to replicate in Huh-7 cells,
and the genome sequences of these viruses were determined by
NGS. Since the RT-PCR fragment sequences for the Potepli 63 and
SCOT FT 254 strains of UUKV were close to those of previously
sequenced viruses, these viruses were sequenced with RT-PCR
and Sanger sequencing using primers designed based on avail-

TABLE 2 Genome structures of newly identified tick-borne phleboviruses

Virus Strain
RNA
segment

Length (no. of
bases) Genea

ORF positions
(length)b

GenBank
accession no.

Kismayo virus LEIV 3641A L 6,341 RdRp 17–6,265 (6,249) KM114252
M 3,329 Gn and Gc 20–3,247 (3,228) KM114253
S 1,878 N 36–779 (744) KM114254

NSs 1,857–919 (939)

Silverwater virus Can131 L �6,412c RdRp 17–6,379 (6,363) KM114257
M 3,209 Gn and Gc 17–3,043 (3,027) KM114255
S 1,732 N 29–793 (765) KM114256

NSs 1,703–909 (795)

Uukuniemi virus Potepli 53 L 6,422 RdRp 17–6,325 (6,309) KM114246
M 3,227 Gn and Gc 18–3,041 (3,024) KM114247
S 1,720 N 35–796 (762) KM114248

NSs 1,695–877 (819)

SCOT FT 254 L 6,424 RdRp 17–6,325 (6,309) KM114249
M 3,289 Gn and Gc 18–3,041 (3,024) KM114250
S 1,720 N 35–796 (762) KM114251

NSs 1,695–877 (819)
a RdRp, RNA-dependent RNA polymerase; N, nucleocapsid protein; NSs, nonstructural protein. Gn and Gc are glycoproteins.
b In cRNA, not including the stop codon.
c The 5= noncoding region is not sequenced fully.

FIG 4 Phylogenetic analysis of novel TBPVs found in the present study. Phylogenetic trees were constructed using the maximum likelihood (ML) method with
1,000 bootstrap replicates based on multiple-sequence alignments of RNA sequences of the L segment, M segment, and S segment. Bootstrap probabilities above
70% are indicated near the branches. The viruses that were newly sequenced in the present study are shown in boldface type and underlined. SFTSV, severe fever
with thrombocytopenia syndrome virus.
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able Uukuniemi group virus sequences (primer sequences
available upon request). Due to the lack of growth in cell cul-
ture, further sequencing of Kaisodi virus and Lanjan virus was
not performed.

Complete sequences (except for the 5= terminus of Silver-
water virus L segment in viral RNA sense) of the new TBPVs
identified genetic structures similar to those of other phlebo-
viruses, i.e., three RNA segments that together constitute the
viral genome (L, M, and S segments) and an S segment that
encodes nucleocapsid (N) and nonstructural protein (NSs)
genes in an ambisense orientation (Table 2). Phylogenetic anal-
yses using these full-length sequences (Fig. 4) also demon-
strated the classification of these novel TBPVs into the Uuku-
niemi group, the Bhanja group, or a provisional new group
(Kaisodi group), as indicated by the phylogenetic tree based on
the original RT-PCR fragment sequences (Fig. 3B). The topol-
ogy of the trees mostly corresponds between the three genome
segments; showing four distinct groups (three TBPV groups
and a cluster of the other phleboviruses) and a novel group,
including Silverwater virus and Khasan virus that has been
identified in this study. Sequence identities of both protein or
nucleotide sequences between UUKV Potepli 63 and S23 or

UUKV SCOT FT 254 and FinV707 virus were above 97% for all
the sequences (see Tables S3 to S6 in the supplemental mate-
rial). The sequence identities between Bhanja group viruses
and Kismayo virus were less than 75% but higher than those for
Bhanja group viruses and Lone Star virus. The sequence iden-
tities between Silverwater virus and other viruses were all below
50%, except between Silverwater virus and Khasan virus (50 to
80% identical in amino acid sequences).

Discovery of a new TBPV from single tick samples collected
in the field. To test the usefulness of our RT-PCR system in a field
situation, we gathered tick samples from cattle in the Shibuyunji
District, Lusaka Province, Zambia (Fig. 5A). A total of 23 ticks,
including Amblyomma spp. and Rhipicephalus spp., were col-
lected. Total RNA extracted from each tick homogenate was tested
using the RT-PCR. Eight positive samples were found (Fig. 5B), all
from Rhipicephalus ticks, and specific amplification of a TBPV
fragment was confirmed by sequencing 4 out of 8 positive samples
(CZCZT13-14, -18, -22, and -23; the other 4 samples could not be
sequenced). Phylogenetic analysis indicated that this newly iden-
tified TBPV (tentatively named Shibuyunji virus, after the area in
which the ticks were collected) was genetically most closely related
to American dog tick phlebovirus, which was recently found dur-

FIG 5 Identification of Shibuyunji virus (SHBV) from a field tick sample in Zambia. (A) The Shibuyunji district in Zambia is indicated by the black star. The
Zambia location map by NordNordWest was obtained from Wikimedia Commons and modified by the authors. (B) RT-PCR was performed with field tick
samples corresponding to homogenized single tick samples (CZCZT13-1 to CZCZT13-25). (C) Four out of eight RT-PCR fragments were sequenced (no
sequencing reads was obtained with the other four fragments), and a phylogenetic tree was constructed based on these sequences, as well as reference sequences,
using the maximum likelihood (ML) method with 1,000 bootstraps. Bootstrap probabilities above 70% are indicated near the branches. SFTSV, severe fever with
thrombocytopenia syndrome virus.
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ing a tick virome analysis of Dermacentor variabilis in the United
States (Fig. 5C) (27).

DISCUSSION

With the exception of known geographic areas of SFTSV and
HRTV activity where these viruses are endemic, ticks have not
been extensively studied; consequently, the full geographic distri-
butions of the various TBPVs are still largely unknown. Further-
more, in the epidemiological studies conducted for SFTSV or
HRTV, the detection methods used relied on specific reactions in
order to gain the highest sensitivity and specificity possible, mean-
ing that other TBPVs were probably missed due to the high level of
genetic diversity among TBPVs. Therefore, incorporating our
newly established RT-PCR system, which can target a wide range
of TBPVs, as part of future surveillance efforts would allow detec-
tion of both the known and yet unrecognized novel TBPVs.

The primer binding sequences selected in our system encode
functional motifs (i.e., premotif A and motif B) of the L protein
(RNA-dependent RNA polymerase) (35), which is the most con-
served protein among phleboviruses (see Tables S3 to S5 in the
supplemental material), suggesting that mutations to disrupt
primer binding are likely to be infrequent. Even among the TBPVs
not tested in the present study (e.g., Malsoor virus, Hunter Island
virus, American dog tick phlebovirus, and blacklegged tick phle-
bovirus), these sequences are highly conserved, confirming the
wide range of cross-reactivity of our RT-PCR system to all TBPV

groups (Fig. 6), and including the detection of novel TBPVs. Al-
though the entire amino acid sequences of the motifs selected as
the targets in the present study are not conserved beyond the ge-
nus Phlebovirus (35), designing similar primer sets binding to the
regions encoding these functional motifs might also be applicable
for establishing an RT-PCR system that can detect a wide range of
viruses in other genera.

Notably, while the degeneracy of primers usually decreases the
sensitivity of an RT-PCR, our RT-PCR still had sufficient sensitiv-
ity to detect Shibuyunji virus RNA in a sample from a single tick.
These results indicate that our RT-PCR system has both enough
cross-reactivity and enough sensitivity for use in field studies tar-
geting ticks. However, since the titers of TBPVs in ticks may vary
among viruses and tick species, and also during the life cycle of the
ticks, more-specific (and more-sensitive) primers may still be re-
quired to perform further studies in the field. In the case of hu-
mans, SFTSV titers in serum varied among patients, with fatal
cases showing higher viral loads than survivors (36, 37). Evidence
from domestic animals infected with SFTSV suggests that our RT-
PCR system would also be able to identify infection during the
viremic phase (6). Therefore, the detection limit of our system
appears sufficient for first-line screening in order to broadly iden-
tify a disease’s causative agent, although its low specificity makes it
not appropriate for use in definitive diagnosis. Indeed, with sev-
eral of the viruses tested, we observed a single nonspecific band
approximately 600 to 700 bp in size (Fig. 2, 3, and 5), which re-

FIG 6 Nucleotide sequence alignment of primer binding regions among TBPVs. SFTSV, severe fever with thrombocytopenia syndrome virus.
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sulted from the misamplification of a region of L segment RNA
that overlaps with the specific 500-bp product (data not shown).
Designing specific primers is therefore recommended for defini-
tive diagnosis to reduce nonspecific amplification and maximize
sensitivity.

The RT-PCR system established here is simple, cheap, fast, and
sensitive, allowing its use for the screening of TBPVs prior to virus
isolation and/or NGS. Furthermore, due to the flexible protocols
of this system (i.e., conventional RT-PCR and qRT-PCR) and the
ready availability of the reagents and equipment needed, our sys-
tem should be usable on-site even in resource-poor countries. The
application of a novel virus discovery flow starting with our RT-
PCR system, followed by classical virus isolation and NGS, as we
have performed in the present study, may influence the future
discovery of novel TBPVs. Moreover, comparison of phylogenetic
trees based on the sequences of the 500-bp fragment (Fig. 3B) and
the full-length sequences (Fig. 4) indicated that the fragments
were sufficient to roughly assign a tentative taxonomic position to
novel phleboviruses. In the present study, we found five provi-
sional new TBPV species (Kismayo virus, Kaisodi virus, Lanjan
virus, Silverwater virus, and Shibuyunji virus) and succeeded in
growing Kismayo virus and Silverwater virus in Huh-7 cells. Be-
cause Huh-7 cells supported TBPV growth better than the other
cell lines tested (data not shown), their use together with DH82
cells (used to isolate SFTSV and HRTV) may be beneficial during
attempts to isolate TBPVs. Our system should be also useful in
verifying virus isolation prior to NGS with TBPVs for which cyto-
pathic effects are not obvious.

Kismayo virus, originally isolated in 1974 from Somalian
brown ticks (Rhipicephalus pulchellus) (32), has been reported to
cross-react partially with BHAV in serological assays (3), which
was consistent with the results of our phylogenetic analysis. The
sequence identity of the N protein among Bhanja group viruses
(i.e., BHAVs, Palma virus, and Lone Star virus) indicated that
Kismayo virus and Lone Star virus might be separate viruses, while
the other BHAVs constitute a single species (see Table S5 in the
supplemental material). Interestingly, while Kismayo virus has
been found in East African countries, as is the case with other
Bhanja group viruses, Lone Star virus has been identified only in
the United States. The Kaisodi group viruses that were grouped
together serologically (38) also clustered into a single genetic
group in the present study. Khasan virus, which was not serolog-
ically related to the other three Kaisodi group viruses, has also
been genetically classified into the Kaisodi group. Interestingly,
Kaisodi virus, Silverwater virus, Lanjan virus, and Khasan virus
have been found in far-flung places: India, Canada, Malaysia, and
Russia (25), respectively (Fig. 7). Another interesting grouping we
identified is the closely related Shibuyunji virus, found in Zambia
in this study, and American dog tick virus, which was found in the
United States. The sporadic discoveries of viruses that are geneti-
cally closely related to each other but lack obvious geographic and
temporal relationships is characteristic throughout all known
TBPV groups, suggesting that these known TBPVs represent just
“the tip of the iceberg.” Our RT-PCR system will help to reveal the
whole picture of TBPV genetic diversity, thus facilitating our un-
derstanding of the evolutionary mechanism(s) underlying the dis-

FIG 7 Sporadic discoveries of tick-borne phleboviruses (TBPVs). Circles (known TBPVs) and stars (novel TBPVs identified in the present study) indicate the
locations where TBPVs have been found. Representative locations of SFTSV and Heartland virus have been shown as circles, and broken-line circles designate the
areas where these viruses are endemic. SFTSV, severe fever with thrombocytopenia syndrome virus.
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tinct geographic distributions of TBPVs and the emergence of
pathogenic TBPVs. Furthermore, the discovery of the first TBPV
in southern Africa, Shibuyunji virus, which is genetically distinct
from any other known TBPVs, represents a remarkable starting
point for TBPV identification in these areas. There is, however, a
need for further analysis of these viruses, including virus isolation
and full-length sequencing.

Considering that most tick-borne diseases are zoonotic, there
is a need for surveillance of both animal and tick populations to
assess the risks posed by TBPVs to public health. We have dem-
onstrated that our system can detect virus from single tick samples
and could also detect TBPVs from animal tissues (i.e., suckling
mouse brain homogenate). Global surveillance using this system
will shed light on novel TBPVs that could potentially be patho-
genic to humans and/or animals and provide us with the knowl-
edge needed to prepare for upcoming outbreaks of disease caused
by infection with novel TBPVs. SFTSV, severe fever with throm-
bocytopenia syndrome virus.
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