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Abstract
Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne bunyavirus that causes hemor-

rhagic fever-like disease (SFTS) in humans with a case fatality rate up to 30%. To date, the molecular biology involved in

SFTSV infection remains obscure. There are seven major genotypes of SFTSV (C1–C4 and J1–J3) and previously a reverse

genetic system was established on a C3 strain of SFTSV. Here, we reported successfully establishment of a reverse genetics

system based on a SFTSV C4 strain. First, we obtained the 50- and 30-terminal untranslated region (UTR) sequences of the

Large (L), Medium (M) and Small (S) segments of a laboratory-adapted SFTSV C4 strain through rapid amplification of

cDNA ends analysis, and developed functional T7 polymerase-based L-, M- and S-segment minigenome assays. Then, full-

length cDNA clones were constructed and infectious SFTSV were recovered from co-transfected cells. Viral infectivity,

growth kinetics, and viral protein expression profile of the rescued virus were compared with the laboratory-adapted virus.

Focus formation assay showed that the size and morphology of the foci formed by the rescued SFTSV were indistin-

guishable with the laboratory-adapted virus. However, one-step growth curve and nucleoprotein expression analyses

revealed the rescued virus replicated less efficiently than the laboratory-adapted virus. Sequence analysis indicated that the

difference may be due to the mutations in the laboratory-adapted strain which are more prone to cell culture. The results

help us to understand the molecular biology of SFTSV, and provide a useful tool for developing vaccines and antivirals

against SFTS.
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Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is

an emerging hemorrhagic fever disease, which was first

reported in 2009 in China (Yu et al. 2011). The disease was

subsequently reported in South Korea, Japan, the United

States, and Vietnam (McMullan et al. 2012; Park et al.

2016; Takahashi et al. 2014; Tran et al. 2019). The major

clinical symptoms of SFTS include severe fever, throm-

bocytopenia, and leukopenia. SFTS is also frequently

associated with gastrointestinal symptoms, and even

multiple-organ failure in most dying patients, with a high

case fatality rate up to 30% (McMullan et al. 2012; Zhao

et al. 2012). The cause pathogen is a newly identified tick-

borne virus (SFTSV) (Yu et al. 2011), and the disease is

usually associated with tick bites but can also be trans-

mitted from human to human occasionally (Liu et al. 2012;

Wang et al. 2014). Considering increasing number of
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reported cases since its first outbreak, and lacking of

effective vaccines or antiviral drugs, SFTS poses a global

threat to public health, necessitating further investigation

of the molecular biology and pathogenesis mechanisms

involved in SFTSV infection (Cyranoski 2018).

SFTSV is a member of the Bandavirus genus belonging

to the Phenuiviridae family in the order of Bunyavirales

(Liu et al. 2019; Maes et al. 2019). It is an enveloped RNA

virus with tripartite, single-stranded, negative-sense or

ambisense RNA genomes: the Large (L) segments encodes

a RNA-dependent RNA polymerase (RdRp); the Medium

(M) segment encodes a surface glycoprotein precursor,

which is further processed into Gn and Gc; and the Small

(S) segment encodes the nucleoprotein (NP) and a non-

structural protein (NSs) with an ambisense coding strategy

(Guardado-Calvo and Rey 2017; Yu et al. 2011). In bun-

yaviruses, the NP and RdRp associate with viral genome

RNA to form active ribonucleoprotein complexes (RNPs),

which are necessary for viral genome replication, resulting

in complementary RNA (cRNA) (positive sense) and pro-

geny genomic vRNA (negative sense) (Walter and Barr

2011). The untranslated regions (UTRs) at both the 50 and

30 ends of each genome segment serve as a promoter and

terminator, and are required for replication, transcription,

and packaging of the viral genome. These UTRs containing

signals direct the RdRp to perform transcription and

replication (Brennan et al. 2015; Elliott 2014).

Reverse genetics systems are powerful tools for

exploring molecular biology and pathogenesis of RNA

viruses and also for vaccine and antiviral drugs develop-

ment, due to the ability to generate recombinant viruses

from cloned cDNA. It is demonstrated that virus tran-

scription, replication, and genome packaging require the

cis-acting elements in the 50 and 30 UTRs of RNA genomes

and the trans-acting viral RdRp and NP (Barr and Wertz

2005; Bergeron et al. 2010; Flick et al. 2003; Flick et al.

2004). As the most elementary setup, the minireplicon

system which contains only the expression of viral NP and

RdRp proteins along with a minigenome plasmid carrying

a reporter gene flanked by the viral UTRs in the viral

genomic sense, has been developed for several bun-

yaviruses, such as Bunyamwera virus (BUNV), Uukuniemi

virus (UUKV), Hantaan virus, Crimean-Congo hemor-

rhagic fever virus (CCHFV), and Rift Valley fever virus

(RVFV) (Bergeron et al. 2010; Flick et al. 2003; Flick and

Pettersson, 2001; Gauliard et al. 2006; Weber et al. 2001).

Full reverse genetics systems (i.e. rescuing infectious virus

entirely from cloned cDNAs) have been also successfully

developed for several bunyaviruses, including BUNV, La

Crosse virus, UUKV, CCHFV, and RVFV (Bergeron et al.

2015; Barr and Wertz 2005; Habjan et al. 2008; Rezelj

et al. 2015), which play crucial roles in understanding virus

replication, viral virulence factor and virus-cell interactions

(Elliott 2014; Walpita and Flick 2005).

Phylogenetic analysis of the genome sequences divided

the SFTSV strains into the Chinese (C) lineage and Japa-

nese (J) lineage. The C lineage contains most strains iso-

lated in China and a few in South Korea and is further

classified into 4 genotypes (C1 to C4); while the J lineage

contains strains from South Korea, Japan, and a few from

China, and is further classified into 3 genotypes (J1 to J3)

(Yoshikawa et al. 2015). Recent studies suggested that

there might be more genotypes of SFTSV (Lv et al. 2017;

Wu et al. 2017). The genotype diversity presents chal-

lenges for the vaccine and antiviral development against

SFTS.

Previously, a reverse genetic system was constructed

based on strain Hubei 29 pp (HB29pp) belonging to

SFTSV genotype C3 and could be efficiently rescued in

Vero cells (Brennan et al. 2015, 2017). Here, we developed

a similar T7 RNA polymerase-based reverse genetics sys-

tem for a genotype C4 strain. To achieve this, we first re-

examined the 50- and 30-terminal UTR sequences of the

parental strain and developed minireplicon systems based

on the L, M, or S UTRs. Then full-length cDNA clones

were constructed and infectious viruses were recovered by

co-transfecting cells. The rescued virus was characterized

by comparison to its parental virus. The system can be

applied for future studies to understand the molecular

biology of different SFTSV genotypes, as well as for

vaccine and antiviral drug development.

Materials and Methods

Cells and Viruses

African green monkey kidney cells (Vero, ATCC CCL-81)

were grown in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum

(FBS). BSR-T7 cells which stably express T7 RNA poly-

merase were kindly provided by Dr. Lei-Ke Zhang from

Wuhan Institute of Virology, Chinese Academy of Sci-

ences (Li et al. 2019), and were cultured in DMEM sup-

plemented with 10% FBS and 1 mg/mL G418. Both cell

lines were grown at 37 �C with 5% CO2.

SFTSV WCH-2011/HN/China/isolate97 (Lam et al.

2013) belonging to C4 clade was kindly provided by Prof.

Wuchun Cao from State Key Laboratory of Pathogen and

Biosecurity, Beijing Institute of Microbiology and Epi-

demiology, and has been propagated and adapted in Vero

cells for dozens of passages in our biosafety level 2

(BSL-2) laboratory before it was stored as viral stocks

at –80 �C. To clarify, we named the initial strain as
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SFTSV-WCH, and the laboratory-adapted strain as adap-

ted-SFTSV-WCH in this study.

30 and 50 RACE Analyses of Adapted-SFTSV-WCH

30 RACE (rapid amplification of cDNA ends) analysis was

used to obtain the 30 terminal sequences of cRNA using

strand-specific primers. In brief, viral RNA was isolated

from supernatants of adapted-SFTSV-WCH infected Vero

Cells using a PureLinkTM Viral RNA/DNA Mini Kit (In-

vitrogen), and polyadenylated through Poly (A) Tailing Kit

(AM1350 Ambion) according to the manufacturer’s pro-

tocols. Then cDNA was synthesized from the purified RNA

using the Oligo (dT) primer (Supplementary Table S1)

through Moloney murine leukemia virus (M-MLV) re-

verse transcriptase (Promega) and used as the templates in

the PCR reaction with the 30 RACE anchor primer and 30

RACE segment (L, M, or S)- primers (Supplementary

Table S1) through KOD Hot Start DNA polymerase

(Takara). The amplified products were purified on an

agarose gel and the nucleotide sequences were determined.

50 RACE analysis was performed using 50 RACE kit

(PR6931 BioTeke Corporation). cDNA of L/M/S was

respectively synthesized by reverse transcription PCR (RT-

PCR) using segment specific RT primers (Supplementary

Table S1). The purified cDNA was added with

homopolymeric tails in the TdT-tailing reaction, and used

as the templates in the PCR reaction with 50 RACE anchor

primer and segment-specific PCR primers (Supplementary

Table S1). The amplified products were purified and

sequenced.

Plasmids

Plasmids expressing minigenomes were created according

to previous description (Brennan et al. 2015). Briefly, the

internal sequence of L, M, and S segments were obtained

from cells infected with SFTSV-WCH by RT-PCR. The

NP and RdRp ORFs were cloned into pCAGGS vector

between KpnI and NotI restriction enzyme digestion sites

(Takara), resulting in pCAGGS-NP and pCAGGS-RdRp.

The UTR sequences of the three segments were obtained

from adapted-SFTSV-WCH infected cells by RACE anal-

ysis as described above. The L/M-segments based con-

structs contained the enhanced green fluorescent protein

(eGFP) ORF sequence between a T7 promoter and a hep-

atitis delta virus ribozyme (HDVR) sequence in negative

sense flanked by viral genomic sense L/M-UTR sequences

in T7 vector and were called pT7-L-UTR-eGFP and pT7-

M-UTR-eGFP, respectively. The T7 vector was kindly

provided by Dr. Lei-Ke Zhang from Wuhan Institute of

Virology, Chinese Academy of Sciences. In the S-segment-

based minigenome, the NSs ORF except the last 11 amino

acids was replaced by eGFP protein, and was named pT7-

delNSs: eGFP.

Plasmids for the recovery of SFTSV were constructed

according to Brennan et al. (2015). The full-length cDNAs

of L, M, and S were obtained by connecting the UTR

sequences to the corresponding inner sequences by overlap

PCR using the primers (Supplementary Table S1) with the

fusion region of T7 vector. Then the full-length cDNAs

were cloned into T7 vector between a T7 promoter and a

HDVR sequence by In-Fusion HD restriction-free cloning

(Clontech) in viral complementary orientation, and were

named pT7-L, pT7-M, and pT7-S, respectively. The

cDNAs were positioned precisely at the sites of transcrip-

tional initiation and ribozyme-mediated cleavage, respec-

tively, in order to achieve transcription of RNAs which had

no additional nucleotides at either terminus by following

autocatalytic cleavage by the HDV ribozyme.

Minigenome Assay

To optimize the conditions for minigenome system,

BSR-T7 cells were seeded in 12-well plates to achieve 75%

confluence, and then transfected with 0.5 lg pCAGGS-NP

and various amounts of pCAGGS-RdRp or 1 lg pCAGGS-

RdRp and various amounts of pCAGGS-NP, together with

the 0.5 lg T7-M-UTR-eGFP using Lipofectamine 3000,

according to the manufacturer’s instructions (Invitrogen).

At 36 h post-transfection (p.t.), the green fluorescence was

observed under fluorescence microscope to assay the effect

of the minigenome. On this basis, the L, M, S-based

minigenomes were generated with the optimal amount of

the ribonucleoproteins by co-transfecting 0.5 lg pCAGGS-

NP, 1 lg pCAGGS-RdRp, together with 0.5 lg plasmid of

T7-L-UTR-eGFP, or T7-M-UTR-eGFP, or T7-delNSs:

eGFP into BSR-T7 cells described as above, while the

negative controls were generated by transfecting function

minigenome but lacking the expressing plasmid pCAGGS-

NP or pCAGGS-RdRP or both two.

Immunofluorescence Assays (IFAs)

To detect viral protein expression in cells, cells were fixed

with 4% paraformaldehyde and permeabilized with 0.3%

TritonX-100. IFA was performed using 1:500 diluted

polyclonal antibodies against SFTSV NP (anti-NP) (Zhang

et al. 2017) as primary antibody and 1:500 diluted goat

anti-rabbit serum conjugated with fluorescein isothio-

cyanate (FITC) (Abcam, UK) as the secondary antibody.

The green fluorescence was visualized using a fluorescence

microscope (ECLIPSE TE2000-S; Nikon, Japan).
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Virus Rescue

BSR-T7 cells were cultured in twelve-well plates with 75%

confluence and transfected with pCAGGS-NP (0.5 lg),

pCAGGS-RdRp (0.5 lg), pT7-L (1 lg), pT7-M (1 lg),

and pT7-S (1 lg) through LipofectamineTM 3000 Trans-

fection Reagent (ThermoFisher) at 37 �C. At 4 days p.t.,

the virus-containing supernatant (passage 0, P0) was

transmitted to fresh Vero cells and incubated at 37 �C for

4 days (passage 1, P1), and the passage was continued.

0.5 mL of virus-containing supernatant of per passage was

collected for infectivity analysis.

Virus Titration by Immunostaining

Vero cells seeded in 24-well plates with 100% confluence

were incubated with ten-fold serial concentration of the

viruses diluted in DMEM at 37 �C for 1.5 h, and followed

by adding an overlay consisting of DMEM supplemented

with 2% FBS and 1% (w/v) Avicel (Millipore). After

incubation at 37 �C for 7 days, the overlay was removed,

and the cells were fixed with 4% formaldehyde and per-

meabilized with 0.3% Triton X-100. The fixed cells were

probed with a 1:200 dilution of anti-NP followed by

1:1,000 dilution of horseradish peroxidase (HRP)-labeled

anti-rabbit IgG (Sigma). Visualization of viral foci was

accomplished by using HRP-DAB Substrate (PA110

TIANGEN). Viral titers were calculated as plaque forming

unit (PFU) per milliliter (mL).

One-Step Growth Curve Analyses

Vero cells cultured in 6-well plates were infected with

viruses at a multiplicity of infection (MOI) of 1 PFU/mL.

Fifty microliters of supernatant was harvested from each

sample at different time points post infection (p.i.). Virus

titers were measured by immunostaining described as

above. The experiments were performed in two repeats. All

data was analyzed using GraphPad Prism 8.0 software

(GraphPad Software Inc.). Student’s t tests were used to

determine differences between two groups and statistical

significance was assigned when P values were\ 0.05.

Virus Whole-Genome Sequencing

The viral RNA was extracted from the supernatants of

infected cell culture using a PureLinkTM Viral RNA/DNA

Mini Kit. The RNA samples were sent to Novogene for

constructing RNA libraries followed by sequencing using

BGI MGISEQ-2000. The raw reads were firstly processed

by Cutadapt (v.1.18) to get the clean data which were

mapped to the GenBank reference sequences of SFTSV

(JQ341188.1, JQ341189.1, and JQ341190.1) for compar-

ison and analyzed by Bowtie2.

Western Blotting

To detect viral protein expression, the infected cells were

lysed in RIPA lysis buffer (Bryotime) at different time

points after infection. Then cellular samples were frac-

tionated by SDS–polyacrylamide gel electrophoresis (SDS-

PAGE) and then transferred to polyvinylidene difluoride

(PVDF) membranes (Millipore). The blots were probed

with SFTSV anti-NP (1:1000) as the primary antibody and

horseradish peroxidase goat anti-mouse antibody (1:2000)

(Sigma) as the secondary antibody. Visualization of

detected proteins was achieved by scanning on a Micro-

Chemi imaging system.

Results

Sequencing the UTR Sequences of Adapted-
SFTSV-WCH

Initially we failed to generate minireplicon using the UTRs

identical to that of SFTSV-WCH published in GenBank

(data not shown). As UTR sequences were critical for

constructing reverse genetic systems (Brennan et al. 2015),

we then determined the UTRs sequences of adapted-

SFTSV-WCH by 30 and 50 RACE. Sequencing of the

RACE products revealed several nucleotide changes in all

the L/M/S-UTRs of adapted-SFTSV-WCH (Fig. 1, shown

in red bases) in comparison to the published SFTSV-WCH

sequences (Fig. 1, shown in blue bases in the brackets). For

the L segment, we found a change of A to G at position 6 in

comparison to the SFTSV-WCH sequence in GenBank

(JQ341188.1). For the M segment, two differences were

detected at position 6 (A to G) and position 3353 (A to G)

comparing to the GenBank sequence (JQ341189.1). For the

S segment, we found an additional A at position 10 and one

change at position 23 (A to G), compared to the GenBank

sequence JQ341190.1 (Fig. 1). The terminal sequences of

the 30- and 50 UTR for SFTSV were complementary, which

permits the formation of a ‘panhandle’ structure for each

segment. The first 9 nt of both 30 and 50 termini were

relatively conserved among all segments and comprised the

conserved complementary region (Fig. 1, sequences in the

red box). After these 9 nts, the sequence of the L, M, and S

segments were segment specific but still exhibit terminal

complementarity up to nucleotide positions 16, 18, and 23,

respectively (Fig. 1, sequences in the blue box). In com-

parison to that of SFTSV-WCH, the adapted-SFTSV-WCH

had a unpaired nucleotide at position 6 of the conservation

complementary regions of L and M UTRs, and two
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nucleotides difference (position 10 and 23) at the variable

complementary region of S UTR (Fig. 1).

Development of L/M/S-Based Minigenome
Systems for SFTSV

Establishment of the minireplicon system is the first step to

ensure that the cloned polymerase is functional and the

replication signals are correct before attempting full virus

rescue. Therefore, we firstly setup a minireplicon system

for SFTSV. The plasmids expressing NP (pCAGGS-NP)

and L proteins (pCAGGS-RdRp) were constructed as

described in Material and Methods, and the sequences of

the ORFs were confirmed to be consistent with those of

SFTSV-WCH in the GenBank. The plasmids pT7-L-UTR-

eGFP, pT7-M-UTR-eGFP, and pT7-delNSs: eGFP which

contained a reporter gene eGFP in the negative sense

between the corrected 30UTR and 50UTR of cRNA of the

L, M and S segments were constructed as described in

Materials and Methods (Fig. 2A).

To optimize the conditions for minigenome system,

various ratios of the plasmids were used in order to max-

imize minigenome replication efficiency. M segments-

based minigenome plasmid (500 ng pT7-M-UTR-eGFP),

and 500 ng pCAGGS-NP with increasing amounts of

pCAGGS-RdRp were co-transfected into BSR-T7 cells

(Fig. 2B, upper panel). Increasing amounts of RdRp pro-

tein in the system generally led to an increase in mini-

genome activity, and superior effect was achieved with

1,000 ng pCAGGS-RdRp. Then 1,000 ng pCAGGS-RdRp

and increasing amounts of pCAGGS-NP were transfected

into BSR-T7 cells (Fig. 2B, lower panel), and the optimal

effect was obtained with 500 ng pCAGGS-NP and

1,000 ng pCAGGS-RdRp. Therefore, the optimal amounts

of the ribonucleoproteins were used for further

experiments.

Then the L, M, S-based minigenomes were generated

with this optimal amount of the ribonucleoproteins by co-

transfection. At 36 h p.t., significant levels of eGFP were

expressed from each of the minigenomes, and no green

fluorescence was seen in the negative control groups

(Fig. 2C). These results revealed that each minigenome

RNA contained the correct cis-elements in UTRs, and

pCAGGS-NP and pCAGGS-RdRp provided functional

trans-factors required for transcription and replication.

Rescue of Infectious Virus from cDNA Clones

In order to recover infectious SFTSV from cloned cDNA,

the complete L, M, and S segments were cloned between a
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Fig. 1 Schematic of the 30- and 50 UTRs of complementary viral

RNA. The sequences of 50 UTR were present in capital letters, and the

sequence of 30 UTR were present in lowercase letters. The corrected

nucleotide of the adapted-SFTSV-WCH by RACE analysis was

shown in red compared to these published SFTSV-WCH sequences

(blue bases in the brackets). Potential to form Watson–Crick base

pairs (dash in red) or noncanonical U-G pairings (dash in green) is

indicated. The first 9 nt of both 30 and 50 termini are relatively

conserved between all segments and comprise the conserved

complementary region (red boxed sequences), except noncanonical

U-G pairings. The variable complementary region of each segment is

shown as blue boxed sequences.
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T7 promoter and a HDVR sequence in viral complemen-

tary orientation, resulting in pT7-L, pT7-M, and pT7-S,

respectively as described in Material and Methods

(Fig. 3A, left). Initial attempts for generating infectious

virus by co-transfecting plasmids pT7-L, pT7-M, and pT7-

S into BSR-T7 cells, as previously demonstrated successful

for other bunyaviruses (Habjan et al. 2008), failed to rescue

the SFTSV in our hands (data not shown). To improve the

rescue efficiency of the system, we supplemented NP and

RdRp via co-transfection with expression vectors

pCAGGS-NP and pCAGGS-RdRp (Fig. 3A, left). A mix-

ture of pCAGGS-NP, pCAGGS-RdRp, pT7-L, pT7-M, and

pT7-S were co-transfected into monolayers of BSR-T7

cells, and the rescued virus at passages 0–3 (P0–P3) were

collected as described in Materials and Methods. Infec-

tivity of the P0–P3 viruses were detected in Vero cells by

immune fluorescence assay using the anti-NP antibody. As

showed in Fig. 3B, initially only a small amount of

fluorescence signals were detected in P0 cells, but the

amounts of infected cells increased with successive pas-

saging, and the positive rate of viral infected cells had

reached approximately 100% in the P3, indicating the

infectious recombinant SFTSV virus has been successfully

rescued. The rescued virus was named rSFTSV-WCH.

Characterization of the Rescued Virus

To analyze the properties of rSFTSV-WCH, immunos-

taining assay was conducted using virus-containing

supernatant collected from P8. The rescued virus showed

foci with similar size and morphology to that of the

adapted-SFTSV-WCH (Fig. 4A). Titration analyses

revealed that repeated passaging of the rSFTSV-WCH

substantially increased virus yield from 4.5 9 103 PFU/mL

at P3 to 7.9 9 105 PFU/mL at P8, but the titer of P8 was
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Fig. 2 Creation of the L/M/S-

based minigenome constructs.

A Schematic diagram of the

generation of L-, M-, and

S-based reporter minigenomes.

B Effect of increasing amounts

of pCAGGS-RdRp (upper

panel) or pCAGGS-NP (lower

panel) on M-segment

minigenome assay. BSR-T7

cells were co-transfected with

pT7-M-UTR-eGFP (0.5 lg),

and the indicated amounts of

pCAGGS-RdRp and pCAGGS-

NP. C Generation of L/M/S-

based minigenomes. BSR-T7

cells were transfected with the

minigenome plasmid of pT7-L-

UTR-eGFP, pT7-M-UTR-eGFP

or pT7-delNSs: eGFP (UTR-

eGFP); or co-transfected with

the minigenome plasmid and

pCAGGS-NP (NP ? UTR-

eGFP); the minigenome plasmid

and pCAGGS-RdRp

(RdRP ? UTR-eGFP); or the

minigenome plasmid with

pCAGGS-NP and pCAGGS-

RdRp (RdRp ? NP ? UTR-

eGFP). At 36 h post

transfection, fluorescence of

eGFP was observed. Scale bar:

400 lm.
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still lower than that of the adapted-SFTSV-WCH which

had a titer of 3 9 107 PFU/mL (Fig. 4B).

One-step growth curves of rSFTSV-WCH and adapted-

SFTSV-WCH were compared in Vero cells at an MOI of 1.

As shown in Fig. 4C, the adapted-SFTSV-WCH grew

more efficiently, achieving the maximal titers of 3 9 107

PFU/mL at 96 h p.i., while the rSFTSV-WCH grew to the

highest titers of 5 9 105 PFU/mL at 120 h p.i.. And the

titers between adapted-SFTSV-WCH and rSFTSV-WCH

showed extremely significant difference (P\ 0.01) at any

time points of 12 h, 24 h, 48 h, 72 h, 96 h or 144 h p.i.

(Fig. 4C).

Then, the time-course analysis of NP expression was

performed by Western blotting. Cells were separately

infected with rSFTSV-WCH and adapted-SFTSV-WCH at

an MOI of 1, and cellular samples were harvested at 12, 18,

24 and 48 h p.i. As shown in Fig. 4D, NP could be detected

at 12 h p.i. in cells infected with adapted-SFTSV-WCH,

while it was not detected in rSFTSV-WCH infected cells

until 18 h p.i. For both viruses, the intensity of the NP

signal keep increasing until 48 h p.i. (Fig. 4D), but the
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pCAGGS-
   RdRp
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BSR -T7 cells

B
P0 P2P1 P3

pCAGGS-
     NP

Fig. 3 Rescue of infectious

virus from cDNA. A General

outline of the procedure to

generate the rescued virus from

cDNA. BSR-T7 cells were

transfected pCAGGS-NP,

pCAGGS-RdRp, pT7-S, pT7-

M, and pT7-L. B Detection of

the infectivity of the collected

supernatants from passage 0

(P0) to P3 by immune

fluorescence using the anti-NP

antibody. The infectivity of the

rescued virus was increasing

with passaging from P0–P3, and

the positive rate of fluorescent

cells had reached 100% in P3.

Scale bar: 400 lm.
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Fig. 4 Characterization of rSFTSV-WCH in comparison to the

adapted-SFTSV-WCH. A Comparison of immune-stained foci of

rSFTSV-WCH and adapted-SFTSV-WCH. B The titration of

rSFTSV-WCH collected at different passages. The titer of rSFTSV-

WCH increased from P3 to P8 but was lower than that of the adapted-

SFTSV-WCH. C One-step growth curves of rSFTSV-WCH and

adapted-SFTSV-WCH conducted in Vero cells at an MOI of 1.

P values of\ 0.01 indicated extremely statistical differences between

two groups at any time point. D Time-course analysis of nucleopro-

tein (NP) expression in infected cells. Vero cells were infected with

rSFTSV-WCH or adapted-SFTSV-WCH at an MOI of 1, and cellular

samples were harvested at the indicated time points for Western blot

analysis using anti-NP antibody.
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expression level of NP was lower in the rSFTSV-WCH

infected cells than that of the adapted-SFTSV-WCH. These

results revealed that the rSFTSV-WCH had lower infec-

tivity than the adapted-SFTSV-WCH.

Comparative Analysis of Genome Sequences
of SFTSV-WCH, rSFTSV-WCH, and Adapted-
SFTSV-WCH

During the construction of the reverse genetic system, all

the inner sequences of the L, M, S segments were con-

firmed to be consistent to the SFTSV-WCH sequences in

the GenBank, while the UTRs have been corrected

according to the RACE results of the adapted-SFTSV-

WCH. To understand why rSFTSV-WCH had lower

infectivity in comparison to that of the adapted-SFTSV-

WCH, both viruses were sequenced by RNA-seq and the

results were summarized in Table 1. As expected, the UTR

sequences of the rSFTSV-WCH were identical to that of

adapted-SFTSV-WCH, and the internal L, M and S

sequences of rSFTSV-WCH were identical to that of the

SFTSV-WCH sequences in GenBank. The adapted-

SFTSV-WCH, however, appeared to be a mixture that

contained two different nucleotides at nine positions of the

internal segments, including 3 positions in L, 5 positions in

M, and 1 in S (Table 1). In each of these positions, one of

the nucleotides was consistent with the published SFTSV-

WCH sequence in GenBank, while the other one appeared

to be a new mutation. Apart from the mutation (G) at the

499 nt of M segment which has been appeared in other

published SFTSV strains, the rest of the mutations have not

been found in any SFTSV strains in the GenBank. Among

the three mutations in the L segment, only the one at the

5967 nt position would result in amino acid change (G to

E) in the encoding protein, which is not located in the

functional motifs of RdRp (Amroun et al. 2017). Among

the five mutations in the M segment, four (nts 117, 499,

2268 and 3028) resulted in amino acid changes in the

encoding proteins. Two of the mutations are within domain

I of Gn and one locates in the domain I of Gc (Table 1).

Domain I of Gn forms the foundation bed with domain II,

while domain I of Gc contributes to pH-induced confor-

mational rearrangemen (Halldorsson et al. 2016; Wu et al.

2017). For inner sequence of S, there was one new muta-

tion at the position of 556 resulting in amino acid changes

(S to T) and this mutation was located between a10 and

a11, relatively far from the RNA binding cavity (Jiao et al.

2013).

Discussion

There are seven major genotypes of SFTSV (C1-C4 and

J1-J3) (Yoshikawa et al. 2015) and previously a reverse

genetic system was established based on HB29pp belong-

ing to C3 (Brennan et al. 2015). The L, M and S segments

of genotype C3 strains shared in average about 94%, 93%,

and 94% nt identity to that of the genotype C4, respec-

tively, suggesting a relatively high genetic diversity among

SFTSV genotypes. Here, we report the establishment of a

reverse genetics system based on SFTSV-WCH, a member

of C4 clade (Yoshikawa et al. 2015). Between HB29pp and

SFTSV-WCH strains, there were 250, 147 and 80 nt dif-

ferences in the L, M, and S segment, respectively. As

Table 1 Comparison of the inner sequences of SFTSV-WCH, rSTFTSV-WCH and adapted-SFTSV-WCH.

Segment Positiona Nucleotide (amino acid) Other strainsb Functional domainc

SFTSV-WCH

(GenBank)

rSFTSV-

WCH

Adapted- SFTSV-

WCH

L 28 G (E) G (E) G/A (E/E) No –

2041 C (V) C (V) C-T (V/V) No –

5967 G (G) G (G) G/A (G/E) No Not in the functional motifs

M 117 C (N) C (N) C/A (K/N) No Gn (domain I)

499 A (R) A (R) A/G (R/G) Yes Gn (domain I)

2268 C (S) C (S) C/A (S/R) No Gc (domain I)

2778 C (S) C (S) C/T (S/S) No –

3028 T (Y) T (Y) T/C (Y/H) No Gc ( not in the functional domain)

S 556 G (S) G (S) G/C (S/T) No Between a10 and a11 of NP

aPosition in nucleotide sequence.
bWhether the mutations appeared in other reported SFTSV strains in GenBank.
cOnly the mutations which cause amino acid changes were indicated and whether they located in the functional domain of the respective protein

or not; –indicated mutations did not cause amino acid changes.
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mentioned earlier, due to the failure of establishing the

minireplicon by using published UTR sequences of

SFTSV-WCH, we conducted 50 and 30 RACE of the cRNA

of the adapted-SFTSV-WCH to confirm the correctness of

UTR sequences. Results revealed several nucleotide

changes in all the UTRs of the L/M/S-segments in com-

parison to the published sequences in GenBank (Fig. 1).

The confirmed 50 UTR sequences were completely con-

sistent with the RACE-corrected UTRs of HB29pp

(Brennan et al. 2015) but the 30UTR sequences still have

some differences. Then based on the corrected sequences,

the minireplicon system for SFTSV-WCH was successfully

established (Fig. 2), indicating the UTRs, RdRp- and NP-

expressing clones were functional.

For bunyaviruses, the L, M, and S segments exhibit ter-

minal nucleotide complementarity between their 30 and 50

UTRs, and the complementarity is critical for RNA synthesis

(Barr and Wertz 2004). Like BUNV, the terminal nucleo-

tides of adapted-SFTSV-WCH can be divided into the con-

served and variable complementary regions (Fig. 1). After

re-examination, we found there was a non-canonical U-G

pairings at position 6 in both the L and M UTRs. In BUNV, a

non-canonical U-G pairing at conserved complementary

regions is strongly preferred for transcription activity in the

genomic promoter than the antigenomic promoter (Barr and

Wertz 2005). Our results suggested the mutated sequences in

the UTRs of adapted-SFTSV-WCH are likely critical for

constructing the reverse genetics of the virus. The exact roles

of these mutations for viral replication and transcription can

be studied in the future.

With the corrected UTR sequences, the infectious

rSFTSV-WCH was successfully rescued from the cDNA

clones (Fig. 3). The immunostaining foci of the rSFTSV-

WCH had the similar size and morphology to that of the

adapted-SFTSV-WCH (Fig. 4A). However, after continu-

ous passaging, the infectious virus production of rSFTSV-

WCH was still significantly lower than that of the adapted-

SFTSV-WCH (Fig. 4B–D). As the adapted-SFTSV-WCH

had been cultured for some passages in the laboratory and

might obtain mutations prone to the increased infectivity,

we therefore conducted whole-genome sequencing of the

adapted-SFTSV-WCH and rSFTSV-WCH. The sequencing

results revealed that the inner sequences of the rSFTSV-

WCH were identical to the original SFTSV-WCH sequence

in the GenBank. In contrast, there were 9 positions each of

which contained two different nucleobases at the inner

sequences of adapted-SFTSV-WCH (Table 1). At each of

these positions, one of the nucleotide was in accordance

with the GenBank published sequence, while another was

new suggesting emerging of mutations during the viral

adaption for cell-culture. It is likely some of these muta-

tions resulted in increased infectivity of adapted-SFTSV-

WCH. The results also indicated that the adapted-SFTSV-

WCH is a mixture of different strains. We are currently

purifying the adapted-SFTSV-WCH in order to get dif-

ferent clones and will further confirm which sites are

critical for viral infectivity by using the reverse genetic

system developed in this study. The infectivity of the

rSFTSV-WCH will also be tested in animal models to see

if the virus shows any pathological changes, and whether it

can be further studied for developing attenuated vaccine.

In conclusion, this study reported the construction and

rescue of a recombinant SFTSV from the SFTSV-WCH

belonging to C4 clade. The development of the SFTSV

reverse genetics system will allow comparative studies of

genetic determinants of virulence, critical functions of viral

proteins, and designing of live attenuated vaccines. Our

future work would focus on the detection of the key

positions related to virus infectivity and optimize the effi-

ciency of this system.
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