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ABSTRACT

In 2009, a novel Bunyavirus, called severe fever with thrombocytopenia syndrome virus (SFTSV) was iden-
tified in the vicinity of Huaiyangshan, China. Clinical symptoms of this zoonotic virus included severe
fever, thrombocytopenia, and leukocytopenia, with a mortality rate of ~10%. By the end of 2011 the
disease associated with this pathogen had been reported from eleven Chinese provinces and human-
to-human transmission suspected. However, current understanding of the evolution and molecular
epidemiology of SFTSV before and after its identification is limited. To address this we undertake phylo-
genetic, evolutionary and structural analyses of all available SFTSV genetic sequences, including a new
SFTSV complete genome isolated from a patient from Henan in 2011. Our discovery of a mosaic L seg-
ment sequence, which is descended from two major circulating lineages of SFTSV in China, represents the
first evidence that homologous recombination plays a role in SFTSV evolution. Selection analyses indicate
that negative selection is predominant in SFTSV genes, yet differences in selective forces among genes are
consistent between Phlebovirus species. Further analysis reveals structural conservation between SFTSV
and Rift Valley fever virus in the residues of their nucleocapsids that are responsible for oligomerisation
and RNA-binding, suggesting the viruses share similar modes of higher-order assembly. We reconstruct
the epidemic history of SFTSV using molecular clock and coalescent-based methods, revealing that the
extant SFTSV lineages originated 50-150 years ago, and that the viral population experienced a recent
growth phase that concurs with and extends the earliest serological reports of SFTSV infection. Taken
together, our combined structural and phylogenetic analyses shed light into the evolutionary behaviour
of SFTSV in the context of other, better-known, pathogenic Phleboviruses.

© 2012 Elsevier B.V. Open access under CC BY-NC-ND license,

Introduction

virus isolated from patients’ blood (Yu et al., 2011). From June 2009
to September 2010, SFTSV RNA or specific antibodies were detected

Reports of severe fever with thrombocytopenia syndrome
(SFTS) emerged between March and July, 2009, in rural areas
of central China. The syndrome was characterized by fever, gas-
trointestinal symptoms, thrombocytopenia and leukocytopenia in
individuals bitten by ticks (Yu et al., 2011). Differential diagnosis
initially included human anaplasmosis, leptospirosis and hemor-
rhagic fever with renal syndrome; however, the causative pathogen
could not be ascertained. A few months later, a novel Phlebovirus
(family Bunyaviridae) was reported as the cause of SFTS, through
molecular characterization and epidemiologic investigations of the
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in the serum of 171 of 241 hospitalized patients who met the case
definition for SFTS (in Henan, Hubei, Shandong, Liaoning, Anhui
and Jiangsu provinces) (Yu et al., 2011). Two names are used in
the literature to refer to the virus: severe fever with thrombocy-
topenia syndrome virus (Yu et al., 2011; SFTSV; used hereafter)
or Huaiyangshan virus (Zhang et al.,, 2012b). Like many other
members of the Phlebovirus genus, SFTSV uses ticks as a putative
host vector and is likely to be transmitted to human populations
from an animal reservoir via blood feeding (Elliott, 2008). Previ-
ous studies have detected SFTSV in Haemaphysalis longicornis and
Rhipicephalus microplus ticks collected from a number of domes-
tic animals, including cattle, buffalo, goats, cats and dogs (Zhang
et al.,, 2011, 2012b). Although transmission of SFTSV is currently
poorly understood, viral genome sequences obtained from infected
ticks on animals are highly similar to those obtained from human
isolates, suggesting zoonotic transmission (Zhang et al., 2012b).
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Fig. 1. Map showing the provinces in mainland China that have officially reported
SFTSV in 2010-11. The red triangle indicates the first SFTS case (in Dingyuan County,
Chuzhou City, Anhui, in September, 2006) that was retrospectively confirmed by
laboratory testing (Liu et al., 2012). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of the article.)

However, a number of human infection clusters have also been
identified, suggesting the possibility of human-to-human transmis-
sion (Bao et al., 2011; Liu et al., 2012; Xu et al., 2011).

Starting from October 2010, active surveillance for human SFTSV
infections has been undertaken by the Chinese Centre for Disease
Control and Prevention (CCDC) (Ministry of Health, China, 2010).
By the end of 2011, SFTS had been reported in eleven provinces
including Henan, Hubei, Anhui, Shandong, Jiangsu, Zhejiang, Liao-
ning, Yunnan, Guangxi, Jiangxi and Shannxi (Fig. 1). The mortality
of SFTSV infections is between 8% and 16%, according to different
studies (Table 1).

The genome of SFTSV, like other Phleboviruses, comprises three
segments: L (large), M (medium), and S (small). Nucleocapsid (N)
and non-structural (NS) proteins are encoded in the two non-
overlapping ORFs of the S segment, whereas the L and M segments
encode the RNA-dependent RNA polymerase (RdRp) and Gn-Gc
envelope glycoproteins (GP), respectively (Yu et al., 2011). Whole-
genome sequencing and analysis confirmed that SFTSV is a novel
Bunyavirus and is most closely related to Uukuniemi virus (pairwise
nucleotide similarities for the L, M and S segments are 34%, 24% and
29%, respectively; Zhang et al., 2012b). All SFTSV sequences cur-
rently available in GenBank are similar regardless of their sampling
locations (>90% sequence similarity; Zhang et al., 2012b), suggest-
ing a relatively recent common ancestor.

The broad geographic distribution throughout China, relatively
high case fatality rate, and potential for human-to-human trans-
mission render SFTSV a notable threat to public health, both
regionally and internationally. Despite this, very little is known
about the molecular epidemiology and structure of this zoonotic
pathogen. In order to address this paucity of information, we have

Table 1
Laboratory-confirmed and fatal cases of SFTSV infection in China.

Study Laboratory-confirmed Fatal cases Mortality rate
cases (%)

Yuetal. (2011) 171 21 12.28

Liu et al. (2012) 14 2 14.29

Zhang et al. (2012a) 49 8 16.33

Liu and Liu (2011) 17 2 11.76

Zhang et al. (2011) 33 5 15.15

Yuetal. (2012) 61 5 8.2

undertaken comprehensive phylogenetic, evolutionary and struc-
tural analyses of SFTSV genetic sequences, and report the complete
genome sequence of a new SFTSV isolate, obtained in 2011 from a
patient from Henan province. We estimate SFTSV’s date of origin,
rate of evolution and epidemic history, and test for the presence of
viral recombination and reassortment. Through comparative anal-
yses of the genome sequences of SFTSV and related Phleboviruses
(such as Rift Valley fever virus) we infer structural properties of the
SFTSV nucleoprotein and glycoproteins, and explore the effects of
natural selection on SFTSV protein evolution.

Materials and methods
Sample collection, virus isolation and sequencing

Patients who met criteria for probable SFTS cases according
to the national guidelines (Ministry of Health, China, 2010) were
recruited at an army hospital in the Xinyang administrative district
of Henan Province. One patient was confirmed to be infected with
SFTSV in June 2010. Briefly, sera samples from this patient were
obtained three days following the onset of illness. Serum was inoc-
ulated on DH82 cells which were cultured at 37°C in a 5% carbon
dioxide atmosphere with twice-weekly media changes. One isolate,
generated by primer-walking strategies as previously described
(Zhang et al., 2011) (named WCH-2011/HN/China/isolate97), was
used to derive the whole genome sequence. The resulting negative-
sense RNA genome was 11,491 ntin length, and has been submitted
to GenBank under accession numbers JQ341188, JQ341189 and
JQ341190 (L, M and S segments, respectively).

Sequence data collection and alignment

We analysed the nucleotide sequences of all genome segments
of all available SFTSV isolates (sampled during 2009-2011) avail-
able from GenBank, together with our newly generated genome
of WCH-2011/HN/China/isolate97. Each genome segment was
aligned using MUSCLE v3.6 (Edgar, 2004) and the ORFs correspond-
ing to the viral RdRp (sited in segment L), GP (segment M), N and
NS (segment S) genes were extracted for further analysis. Details
of the sequences used in this study are provided in Supplementary
Table S1.

Phylogenetic analyses

Phylogenetic trees were reconstructed from the SFTSV align-
ments using the maximum likelihood (ML) approach implemented
in PhyML v3 (Guindon and Gascuel, 2003). We used a General-time-
reversible (GTR) nucleotide substitution model and modelled rate
heterogeneity among sites using a discrete gamma (/") distribu-
tion with 4 rate categories. To assess the robustness of the tree
topology, we generated 1000 ML bootstrap replicates. Statistical
support for phylogenetic clusters was assessed by estimating node
posterior probabilities using the Bayesian Markov Chain Monte
Carlo (BMCMC) method implemented in BEAST v1.7.1 (Drummond
et al, 2012) (further details below). The phylogenetic positions
of individual mutations were determined by ancestral sequence
reconstruction, using the joint ML method (Pupko et al., 2000) with
the GTR+ I" nucleotide substitution model implemented in HYPHY
v1.0b (Pond et al., 2005).

Detecting mosaic sequences

We first screened SFTSV alignments for homologous mosaic
structures using the various exploratory methods implemented
in Recombination Detection Program v3.29 (Martin et al., 2010),
including RDP (Martin and Rybicki, 2000), CHIMAERA (Posada
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and Crandall, 2001), GENECONV (Padidam et al., 1999), MAXCHI
(Smith, 1992) and 3SEQ (Boni et al., 2007). Potential mosaic struc-
tures were defined as those with Bonferroni-corrected p-values
<0.05 in more than two detection methods mentioned above.
Putative mosaic sequences were subsequently analysed using the
similarity plot and bootscanning methods implemented in SIM-
PLOT v3.5 (Lole et al., 1999). The breakpoint positions of putative
recombination events were refined using GARD v1.0 (Kosakovsky
Pond et al., 2006). For further confirmation, phylogenies of puta-
tive mosaic sequences, their potential parents, and outgroup
lineages were reconstructed from genome regions either side of
the estimated breakpoints. Finally, the Shimodaira-Hasegawa test
(Shimodaira and Hasegawa, 1999) was used to evaluate the sig-
nificance of phylogenetic discordance between non-recombinant
regions. Confirmed mosaic sequences were excluded from subse-
quent evolutionary analyses.

Estimating evolutionary timescale and epidemic history

Evolutionary parameters including rates of sequence evolution,
tree topologies, epidemic histories, divergence times and substitu-
tion model parameters were jointly estimated from each dataset
using the BMCMC approach (Drummond et al., 2002) implemented
in BEAST v1.7.1 (Drummond et al., 2012). A GTR+ I nucleotide sub-
stitution model was employed, and a Bayesian skyline plot (BSP)
coalescent model was used to estimate effective population size
through time (Drummond et al., 2005). Due to the short time period
(2009-2011) over which SFTSV isolates had been sampled, we
were unable to estimate evolutionary rates directly from the SFTSV
sequences themselves. Consequently, we estimated Phlebovirus-
specific evolutionary rates from the most closely related virus
for which sufficient temporal data was available. This was Rift
Valley fever virus (RVFV), for which isolates from mammals and
mosquitoes have been sampled from 1944 to 2000 and for which
complete genomes have been sequenced (Bird et al., 2007). We
thus estimated evolutionary rates for each RVFV gene from a het-
erochronous data set of 33 RVFV whole genomes (available on
request) using the dated-tip relaxed molecular clock model imple-
mented in BEAST. Rate variation among branches was modelled
using the uncorrelated lognormal distribution (UCLD) model. The
resulting evolutionary rate estimates were then encoded as strong
prior distributions for the SFTSV evolutionary rate parameters dur-
ing the subsequent BMCMC analysis of SFTSV. MCMC computation
was run for a total 4 x 108 generations, sampled every 1000 gener-
ations on average. Multiple MCMC runs were performed to check
for consistency and MCMC convergence was evaluated using Tracer
v.1.5.1 (Rambaut and Drummond, 2007).

Lineage-specific nucleoprotein gene rate variation

To assess whether evolutionary rates vary among SFTSV lin-
eages, we used the UCLD (Drummond et al.,2006) and ‘random local
clock’ (Drummond and Suchard, 2010) models of rate variation
implemented in BEAST. As noted above, the UCLD model accom-
modates rate variation by assuming the branch-specific rates are
lognormally distributed. In contrast, the ‘random local clock model’
allows rate changes of any magnitude on a phylogeny branch; the
new rate is then applied to all branches belonging to the subtree
that subtends from that branch. The relative substitution rates of
the SFTSV lineages A-E were subsequently calculated from output
of these two models.

Selection analyses

We investigated the selection pressures acting on the SFTSV
genome, and on those of five other Phleboviruses: Rift Valley fever

virus (RVFV), Candiru virus (CDUV), Punta Toro phlebovirus (PTTV),
sandfly fever Naples virus (SFNV) and sandfly fever Sicilian virus
(SFSV). Positively selected sites in the viral genomes were identi-
fied using a dy/ds approach, specifically, the two-rate fixed effect
likelihood (FEL) method (Kosakovsky Pond and Frost, 2005) imple-
mented in HYPHY (Pond et al., 2005). The GTRxMG94 substitution
model was used. The M7/M8 codon substitution models imple-
mented in PAML were also used to confirm the positively selected
sites identified by the FEL method. As an indicator of the aver-
age selective pressure across each gene, an overall dy/ds was also
estimated for each entire ORF.

Structural analyses of SFTSV nucleoprotein and Gn-Gc
glycoprotein

The ancestral nucleotide sequences of SFTSV lineages A, B, C and
E were estimated using the ML method described above, then trans-
lated into amino acid sequences for structure-based analysis. As
the crystal structure of the SFTSV N protein is not yet determined,
we used the crystal structure of the related RVFV N protein (PDB
accession number 30V9) as a template to develop structure-guided
inferences. The amino acid similarity between the N proteins of
RVFV and SFTSV is ~40%. A structure-based sequence alignment of
the RVFV N protein (RVFV-N) was created with ClustalW (Larkin
et al,, 2007) and rendered with ESPRIPT (Gouet et al., 1999) as pre-
viously described (Bowden et al., 2009). Residues predicted to be
involved in RNA-binding or homo-oligomerisation of SFTSV (calcu-
lated with the EBI PISA server; Krissinel and Henrick, 2007) were
mapped onto the surface of the hexameric structure of RVFV-N with
the program PyMOL (www.pymol.org).

As there are no atomic structures of related Phlebovirus Gn or Gc
glycoproteins available for a structure-based sequence alignment,
the secondary structure of the SFTSV glycoprotein was predicted
using the PSI secondary structure prediction server (McGuffin et al.,
2000) and mapped onto a sequence alignment of the SFTSV lineages
(Figure S2). Five N-linked glycosylation motifs were identified
(NXS/TX, where X is any amino acid except proline) and transmem-
brane regions were predicted using the TMHMM Server (Krogh
et al., 2001).

Results
Phylogenetic diversity of SFTSV

The phylogenies estimated from full-length sequences of SFTSV
genes demonstrated four major lineages, previously named A, B, C
and E (Zhang et al., 2012b; Fig. S1A-D). Phylogenies estimated from
partial RdRp and N gene sequences (which include more isolates
than the full-length alignments) also revealed a further lineage,
named D (no M segment sequences of lineage D are available in
GenBank; Fig. S1E, F). These five lineages were supported by high
bootstrap support values (>0.7) and posterior clade probabilities
(>0.9). All isolates from animals (dogs, cats, goats buffalo and cat-
tle) identified by a previous study (Zhang et al., 2012b) belonged
to lineage A. Our new isolate WCH-2011/HN/China/isolate97 was
classified in lineage E.

The branching orders of these five lineages are generally con-
sistent among the ML phylogenies estimated from different gene
segments (Fig. S1). A small incongruence is observed in the phy-
logeny of the partial RdRp alignment (Fig. 2A, S1E), in which
lineages A, D and E are grouped together, but the ML bootstrap
support and posterior clade probabilities for this grouping are low
(bootstrap = 13% and probability =0.10 in Fig. 2A; bootstrap = 50% in
Fig. S1E). Therefore we conclude there is no phylogenetic evidence
for ancestral reassortment among SFTSV lineages A-E.
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Fig. 3. Putative mosaic structure of the RdRp gene of isolate 0723L-WDY. The partial gene sequence of RdRp (2194-3105 nt; HQ179724) of 0723L-WDY was analysed. (A)
Similarity plot, (B) Bootscanning analysis (with GARD estimates of the breakpoint position shown in black) and (C) phylogenetic analysis of the regions on either side of
the estimated breakpoint (position 432 nt). Bootstrapping analysis with 1000 pseudo-replicates was performed. Window and step sizes of 150 nt and 5 nt were used in the

similarity plot and bootscanning analyses.
Mosaic genome structure in SFTSV

The suite of methods implemented in RDP3 identified puta-
tive mosaic structure in the partial RdRp gene sequence of isolate
0723L-WDY (accession number HQ179724). The mosaic structure
of this sequence was evident in similarity plot and bootscanning
analyses (Fig. 3A and B), both of which indicate that the 3’ and 5’
ends of the viral RNA sequence were most closely related to lin-
eages E and A, respectively. Further analysis using GARD estimated
that the mosaic breakpoint is most likely located at nucleotide posi-
tion 432 of sequence HQ179724. Phylogenetic analyses of the gene
regions before and after the breakpoint confirmed the results of the
previous methods: isolate 0723L-WDY clustered with lineages E
and A, respectively (Fig. 3C). The discordant phylogenies estimated
from different regions of 0723L-WDY were significant (P<0.05),
according to the Shimodaira-Hasegawa test.

Estimating evolutionary timescale and epidemic history

Phlebovirus-specific evolutionary rates were estimated for the
RdRp, GP, N and NS genes, from a heterochronous data set of
RVFV isolates using the UCLD relaxed molecular clock model imple-
mented in BEAST. The estimated rates were 2.57 (1.46-3.74) x 104
substitutions/site/year for RdRp, 2.99 (1.87-4.07) for GP, 3.67
(1.83-5.73) for N and 3.09 (1.52-4.87) for NS. These estimates were
subsequently used to estimate the evolutionary timescale of SFTSV
(see Methods). The estimated date of the most recent common
ancestor (tMRCA) of SFTSV was consistent among different genes,
ranging from year 1864 to 1934 (Fig. 4A), although the credible
regions for some of these estimates were large (e.g. 1751-1961
for the NS gene). Collectively, these data suggest that the existing
SFTSV lineages A-E originated from a common ancestor that most
likely existed 50-150 years ago.
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To investigate the epidemic history of SFTSV since its origin,
we applied the Bayesian skyline coalescent method to the partial
RdRp alignment (71 sequences, 912 nt in length). The resulting plot
(Fig. 2B) indicates that the virus maintained a stable effective pop-
ulation size for much of its evolutionary history. However, effective
population size starts to rise rapidly after 2005-2006 and the rise
continues to 2011 (the date of the most recently sampled isolate).

Lineage-specific nucleoprotein gene rate variation

Visual inspection of the N gene phylogeny suggests that
branches of lineage C are shorter than those of other lineages,
yet lineage C isolates were not sampled significantly earlier
(Fig. S1D, F). This raises the possibility that the evolutionary rate of
lineage Cis lower than that of other lineages, therefore we analysed
SFTSV rate variation in order to explore this hypothesis. Specifically,
we estimated the relative evolutionary rates of each SFTSV lineage
using the UCLD and ‘random local clock’ (RLC) models implemented
in BEAST (see Methods). The relative rates estimated using both
methods were congruent (Fig. 4B). The estimated relative rate of
lineage C (UCLD =0.79; RLC=0.70) was lower than those of other
lineages (which ranged from 0.99 to 1.30); however this differ-
ence was not statistically significant, as the credible intervals of
the estimates were large and overlapping (Fig. 4B).

Selection analysis

Site-specific selection analyses revealed no sites in the SFTSV
genome with significant evidence for positive selection. In addi-
tion to the FEL method implemented in HYPHY, this result was

A 1711
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Fig. 4. Bayesian molecular clock analyses. (A) Time of the most recent common
ancestor (tMRCA) of different SFTSV gene alignments. The data sets with ‘+D’ in
parentheses indicate the inclusion of sequences of lineage D, and hence are partial
gene alignments. The 95% HPD of these estimates are indicated by error bars. (B) Rel-
ative rates of N gene evolution for different SFTSV lineages. Solid and empty circles
represent the estimates from UCLD and RLC molecular clock models respectively.

confirmed using the M7/M8 models implemented in PAML. For
RFVF and SFNV, estimates of the average dy/ds ratio of the NS
gene were significantly higher than those of other genes. The dy/ds
ratios for each gene of various different Phlebovirus species (Fig. 5)
also showed that the GP and NS genes typically have higher dy/ds
ratios than the RdRp and N genes, which may reflect variation in
the strength of selective constraint amongst genome regions.

Structural analyses of SFTSV nucleoprotein and Gn-Gc
glycoprotein

In cooperation with the L protein, the Phlebovirus nucleopro-
tein packages genomic RNA to form a winding, irregular structure
in the virion (Huiskonen et al., 2009; Raymond et al., 2010). X-ray
crystallographic analyses of RVFV-N have revealed a unique struc-
ture consisting of thirteen a-helices that assembles into a range
of oligomeric forms (Ferron et al., 2011; Raymond et al., 2010)
primarily through the interaction of an N-terminal a-helix with
the protein surface of an adjacent protomer (Fig. 6A and B; Ferron
et al,, 2011). Given the limited sequence divergence between the
SFTSV and RVFV nucleoproteins (~35%) it is probable that these
two proteins share the same fold (Fig. 6C; Chothia and Lesk, 1986).

Our results (Fig. 6) suggest that SFTSV-N also shares similar func-
tionality to RVFV-N. First, we observe a high degree of sequence
conservation between RVFV and SFTSV in the interface between
adjoining protomers, indicating that the overall mode of oligomeri-
sation is likely to be conserved (Fig. 6A). Of the 75 residues involved
in these protein-protein contacts, 32 (43%) are conserved and 43
(57%) are physiochemically similar between RVFV-N and SFTSV-N.
Second, we propose that RVFV-N has similar RNA-binding prop-
erties to that of SFTSV-N. In their functional analysis, Ferron et al.
(2011) identified positively charged residues (R64, K67, and K74)
located in the solvent-exposed centre of the RVFV-N hexamer,
which are implicated in RNA-binding. These residues are com-
pletely conserved between RVFV and SFTSV, indicating that the two
viruses likely share a common mode of RNA packaging.

Inferences into the structure of the Phlebovirus glycoproteins
are far less certain. Although low-resolution electron microscopy
structures of icosohedral RVFV have revealed that glycoprotein
Gn-Gc complexes assemble into pentameric and hexameric spikes
(Huiskonen et al., 2009; Sherman et al., 2009), there is to date a
lack of atomic-level information on the structure and function of
the putative Phlebovirus attachment (Gn) and fusion (Gc) subcom-
ponents. In the absence of such data it is postulated that the Gc
glycoproteins of Phleboviruses exhibit a class II fusion glycoprotein
fold (Vaney and Rey, 2011). This suggestion is based upon a num-
ber of properties that are shared with Alphaviruses and Flaviviruses
(Vaney and Rey, 2011) including a predominance of predicted
[-stranded secondary structure throughout the Gc. Our analysis
suggests that this predominance is also present in the Gc of SFTSV
(Fig. S2).

Discussion

The recent emergence of SFTSV and its continuing circulation
and geographic spread pose an incessant threat to health in
China. Many aspects of the virus’ evolutionary biology are poorly
understood, such as its date of origin and the possible effects of
natural selection, recombination, and random genetic drift on
the evolutionary genetics of the virus. Using a combination of
approaches we here provide evidence that SFTSV may undergo
homologous recombination. Further, our coalescent-based infer-
ence suggested an expanding effective population size of the virus
over the last decade in the host populations studied here, including
the years immediately prior to its discovery and identification.
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These findings help to provide a better understanding of the
evolutionary behaviour of this pathogen.

Recombination is important in shaping the evolutionary genet-
ics of several DNA and RNA viruses (Froissart et al., 2005; Worobey
and Holmes, 1999) most notably the human immunodeficiency
virus (Kijak and McCutchan, 2005). Homologous recombination is
distinct from the process of reassortment, which is widespread
among viruses with segmented genomes, including the Bun-
yaviruses and Orthomyxoviruses. By exchanging entire genome
segments reassortment may confer dramatic changes in viral phen-
otypes, such as the ‘antigenic shift’ exhibited by influenza A virus
(e.g. Olsen, 2002; Parrish et al., 2008). Reassortants have been
suggested to be associated with new outbreaks (Bowen et al.,
2001; Gerrard et al., 2004), increased pathogenicity and enhanced
transmissibility among vectors and hosts (Beaty and Bishop, 1988;
Rodriguez et al., 1998; Shope et al., 1981), and some of these traits
have been confirmed experimentally (Bridgen et al., 2001; Perrone
et al,, 2007; Saluzzo and Smith, 1990; Vialat et al., 2000). Natural
reassortment has been reported for various members of the Phle-
bovirus genus, including Candiru virus (Palacios et al., 2011) and
RVFV (Sall et al., 1999; Turell et al., 1990). However, in our analysis
of all 24 complete SFTSV genomes we found no statistically signifi-
cant evidence of reassortment between and within different SFTSV
lineages.

Although we detected no reassortment in SFTSV, we identified
a possible homologous recombination event in the RARp gene of
the 0723L-WDY isolate, which appears to be a mosaic of lineage
E and A sequences. Negative-sense single-stranded RNA viruses
are thought to recombine comparatively infrequently (Chare et al.,
2003), possibly because template-switching during replication is
inhibited by the fact that viral RNA is packaged into ribonu-
cleoproteins. Although there have been reports of homologous
recombination in Hantaviruses (Klempa et al., 2005; Sironen et al.,
2001; Zhangetal., 2010; Zuo et al.,, 2011) and Crimean-Congo hem-
orrhagic fever virus (Deyde et al., 2006; Lukashev, 2005), only the
M and S segments of three Hantaviruses (strains KY, HuBJ16 and
HuBJ17) (Zhang et al., 2010; Zuo et al., 2011) have phylogenetic
support for recombination that is as strong as that presented for
SFTSV here. The fitness effects of the identified recombination event
are unknown; however, we note that the breakpoint (2626 nt) is
located between the functional RARp domain and the catalytic
domain, and the consequences of exchanging these two domains
may deserve further investigation.

The inference of natural recombination events from mosaic viral
sequences should be undertaken with caution, because laboratory
artefacts and contamination may also create similar sequence pat-
terns. According to the literature, the partial RdRp gene sequence
of isolate 0723L-WDY originated from a single amplicon amplified
by a pair of primers (Zhang et al., 2011). Therefore, it is unlikely
that the mosaic was generated by incorrect contig assembly from
different specimens. Nonetheless, the possibility that the recom-
bination is artificial cannot be formally excluded unless the virus
is re-isolated and sequenced from the original sample, or isolates
with the same mosaic structure and breakpoint are found in other
samples.

We estimated rates of evolution for the N genes of each major
lineage of SFTSV. Although estimated rates tended for be lower for
lineage C (Fig. 4B) this difference was not statistically significant,
and the dy/ds ratio of lineage C was not significantly different to
that of the other lineages. Clearly more sequence data is needed to
decisively test for the presence or absence of SFTSV rate variation
among lineages A-E.

Although the novel emergence of SFTSV and its association with
SFTS was first confirmed during the summer of 2009 (Yu et al.,
2011), similar symptoms have been reported by hospitals near
Huaiyangshan since 2007 (Xu et al., 2011). Liu et al. (2012) report

a retrospective study of 13 patient blood samples obtained from
two groups of individuals that exhibited SFTS-like symptoms in the
spring of 2006. This study confirmed SFTSV infections using indi-
rect immunofluorescence assays and RT-PCR. Similar studies have
demonstrated SFTSV sero-positivity in eastern China from 2007 to
2011 (Kang et al., 2012; Xu et al., 2011) and some of these infec-
tions may have involved human-to-human transmission (Bao et al.,
2011; Liu et al,, 2012).

Our reconstruction of the epidemic history of STFSV using
coalescent-based methods agrees with and extends these epidemi-
ological reports. The Bayesian skyline plot (Fig. 2B) suggests that
the effective number of infections was largely constant for several
decades before starting to grow exponentially around the mid-
2000s. This transition concurs with the first serological evidence of
SFTSV infectionin 2006. Furthermore, increases in STFSV detections
from 2007 match the apparent increase in viral effective popula-
tion size. Specifically, between 2007 and 2010 the proportion of
samples from suspected SFTS cases in Henan province that tested
positive for SFTSV by RT-PCR (Kang et al., 2012) grew exponen-
tially with an estimated exponential growth rate of 0.13 year~!
(Fig. 2C). During the same time period, the average exponential
growth rate of the Bayesian skyline plot is 0.18 year—! (Fig. 2C).
Note, we did not include data from 2011 in this analysis because
there are insufficient STFSV sequences from 2011 for comparison.

Although coalescent-based methods for reconstructing epi-
demic history have proven useful in many instances, and often
agree with information from surveillance epidemiology (Biek et al.,
2007; Carrington et al., 2005; Lam et al., 2012; Medina et al., 2009),
they make a number of strong assumptions and should be inter-
preted carefully (Frost and Volz, 2010; Pybus and Rambaut, 2009).
Here we advise caution in interpreting the Bayesian skyline plot,
because its 95% credible limits are large and because isolates from
human and non-human samples were combined. More reliable
estimates of SFTSV epidemic history should be possible from larger
sets of sequence data, which will allow the identification of epi-
demiologically defined monophyletic groups.

Our molecular clock analysis indicates that the common ances-
tor of contemporary SFTSV lineages existed 50-150 years ago. We
can only speculate on reasons why the virus has not emerged until
very recently. First, current knowledge suggests that the suscepti-
ble population is older people (Kang et al., 2012). In recent years
an increasing proportion of younger adults have moved from rural
to urban areas for employment, and consequently more local older
individuals have taken up farming work and thus their exposure
to high tick densities might have increased. Alternatively, environ-
mental or other changes could have led to a recent expansion of
the tick population. Lastly, it is theoretically possible that recent
viral mutations have enhanced the virulence and transmissibility
of SFTSV in humans.

Our analysis of selective pressures revealed a relatively high
dy/ds ratio in the NS gene of RVFV, compared to other Phleboviruses
(Fig. 5). The NS protein is thought to affect virulence, primarily
through its antagonism of interferon, helping the virus to evade
host antiviral responses (Pepin et al., 2010; Perrone et al., 2007). A
higher dy/ds ratio in the NS gene may reflect a greater degree of pos-
itive selection resulting from the co-evolutionary battle between
the virus and host immunity, but could equally well be explained
by a reduction in selective constraint on that gene. Other possible
explanations for a higher dy/ds are recombination, or overlap-
ping reading frames (e.g. PB1-F2 in influenza virus). However, we
detected no significant recombination signal in the NS gene and
the NS and N ORFs in segment S are not overlapping. We found
no codons in SFTSV with significant evidence of positive selection
that might reveal clues to its recent emergence. Similar methods
applied to other viruses, such as canine parvovirus have provided
such evidence (Parrish et al., 2008), although it is common for dy/ds
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ratios in vector-borne RNA viruses to be low in comparison to non
vector-borne diseases (Woelk and Holmes, 2002). Selection analy-
ses may provide greater insights as larger sets of SFTSV genomes
become available.

Phlebovirus glycoproteins often exhibit the second highest dy/ds
ratios (after the NS gene; Fig. 5). Theoretically, this might reflect
the high antigenicity of solvent-accessible residues, which could
be under selective pressure to evade the host humoral immune
response as well as to adapt to their respective cell-surface recep-
tors for attachment and entry (Bowden et al., 2011). However, we
found no evidence that individual codons in the SFTSV glycoprotein
were under positive selection, although such support was found for
the 256th and 806th codons of the CDUV and SFNV glycoproteins,
respectively. Phlebovirus nucleoproteins (N), on the other hand, are
responsible for RNA-binding and -packaging and are thus likely to
be more functionally constrained; this is supported by our finding
that the estimated dy/ds values of Phleboviruses N genes are as low
as those of the RdRp genes. There is no difference in the N gene
amino acid sequences of the ancestors of the major SFTSV lineages,
and across the whole SFTSV N gene phylogeny there are few non-
synonymous mutations (6 out of 44) on internal branches, again
suggesting strong selective constraint on the N gene during SFTSV
evolution. Recent elucidation of the first crystal structures of RVFV-
N (Raymond et al., 2010) has allowed us to assess whether this
predicted constraint can be confirmed in structure. We found that
those residues in N proteins that are predicted to be responsible for
oligomerisation and RNA-binding are strictly conserved between
SFTSV and RVFV, supporting similar modes of oligomerisation and
viral genome packaging in these two viruses.
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