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ABSTRACT

Severe fever with thrombocytopenia syndrome virus (SFTSV) is an emerging tick-borne pathogen that was first reported in
China in 2009. Phylogenetic analysis of the viral genome showed that SFTS virus represents a new lineage within the Phlebovirus
genus, distinct from the existing sandfly fever and Uukuniemi virus groups, in the family Bunyaviridae. SFTS disease is charac-
terized by gastrointestinal symptoms, chills, joint pain, myalgia, thrombocytopenia, leukocytopenia, and some hemorrhagic
manifestations with a case fatality rate of about 2 to 15%. Here we report the development of reverse genetics systems to study
STFSV replication and pathogenesis. We developed and optimized functional T7 polymerase-based M- and S-segment minige-
nome assays, which revealed errors in the published terminal sequences of the S segment of the Hubei 29 strain of SFTSV. We
then generated recombinant viruses from cloned cDNAs prepared to the antigenomic RNAs both of the minimally passaged vi-
rus (HB29) and of a cell culture-adapted strain designated HB29pp. The growth properties, pattern of viral protein synthesis,
and subcellular localization of viral N and NSs proteins of wild-type HB29pp (wtHB29pp) and recombinant HB29pp viruses
were indistinguishable. We also show that the viruses fail to shut off host cell polypeptide production. The robust reverse genet-
ics system described will be a valuable tool for the design of therapeutics and the development of killed and attenuated vaccines
against this important emerging pathogen.

IMPORTANCE

SFTSV and related tick-borne phleboviruses such as Heartland virus are emerging viruses shown to cause severe disease in hu-
mans in the Far East and the United States, respectively. Study of these novel pathogens would be facilitated by technology to
manipulate these viruses in a laboratory setting using reverse genetics. Here, we report the generation of infectious SFTSV from
cDNA clones and demonstrate that the behavior of recombinant viruses is similar to that of the wild type. This advance will al-
low for further dissection of the roles of each of the viral proteins in the context of virus infection, as well as help in the develop-
ment of antiviral drugs and protective vaccines.

The family Bunyaviridae is one of the largest taxonomic group-
ings of RNA viruses, containing over 350 named isolates that

are classified into five genera: Hantavirus, Nairovirus, Orthobun-
yavirus, Phlebovirus, and Tospovirus (1). All viruses share a ge-
nome structure that comprises three segments of negative-sense
or ambisense RNA, named small (S), medium (M), and large (L).
The S segment encodes the nucleocapsid (N) protein; the M seg-
ment encodes the virion glycoproteins Gn and Gc; and the L seg-
ment encodes the L protein, the viral RNA-dependent RNA poly-
merase. Some viruses also encode nonstructural proteins on the S
and M segments. Viruses that impinge on human health, either
directly by causing human disease or indirectly by causing eco-
nomic losses of domestic animals or crop plants, are found in each
of the five genera and provide many examples of “emerging dis-
eases” (reviewed in references 2, 3, and 4).

In the latest report of the International Committee on Taxon-
omy of Viruses, the Phlebovirus genus contains 70 viruses, which
comprise 9 species and 33 tentative species (1). Phleboviruses can
be divided into 2 groups: (i) the sandfly fever group, which in-
cludes notable pathogens such as Rift Valley fever virus (RVFV),
Sicilian sandfly fever virus, and Toscana virus, which are transmit-
ted by dipterans (sandflies and mosquitoes); and (ii) the Uukuni-
emi virus (UUKV) group viruses, which are instead transmitted
by ticks (5). UUKV was isolated from Ixodes ricinus ticks in Fin-
land and has subsequently been found across Central and Eastern

Europe. UUKV and related viruses have not been associated with
human disease (6). The best-characterized phlebovirus in terms of
both molecular biology and pathogenesis is RVFV, which is also a
severe pathogen of ruminants, frequently causing large epidemics
and “abortion storms” among pregnant animals (5, 7–9).

Between 2007 and 2010, cases of an unknown infectious dis-
ease were reported in Henan and Hubei Provinces, China, with
patients presenting gastrointestinal signs and symptoms, chills,
joint pain, myalgia, thrombocytopenia, leukocytopenia, and some
hemorrhagic manifestations, resulting in a case fatality rate of 12
to 30% (10). (Since the initial report, the current case fatality in
China is estimated at 2 to 15% [11, 12]). The disease was originally
suspected to be anaplasmosis, but some clinical signs and symp-
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toms were inconsistent with this diagnosis. Subsequently, studies
by different groups in China involving virus isolation in cell cul-
ture, genome amplification and sequencing, and metagenomic
analysis of patient material revealed the presence of a novel bun-
yavirus that was most closely related to the phleboviruses. Impor-
tantly, the sequence data showed no evidence for an NSm protein
upstream of the Gn-Gc precursor encoded by the M genome seg-
ment, which is a hallmark of the Uukuniemi virus group (13). The
virus has been variously called DaBie Mountain virus (10, 14),
Henan fever virus (15), Huaiyangshan virus (16), and severe fever
with thrombocytopenia syndrome virus (SFTSV) (10). The Inter-
national Committee for Taxonomy of Viruses (ICTV) Executive
Committee has recommended that the species name encompass-
ing these viruses be SFTS virus, a proposal awaiting ratification by
the ICTV membership.

Both SFTSV and viral RNA have been isolated from Haemaph-
ysalis longicornis ticks, and viral RNA has been detected in Rhipi-
cephalus microplus ticks gathered from domestic animals in China
(10, 16). Detection of SFTSV RNA was highest in H. longicornis, a
species that has a widespread geographical distribution outside
China including Korea, Japan, Australia, New Zealand, and the
Pacific Islands (17). The subsequent reports of SFTSV-positive
ticks and confirmed cases of disease in South Korea (18, 19) and
Japan (20) indicate that SFTSV and SFTSV-like viruses may have
a broad geographical distribution.

Recently, other novel tick-transmitted phleboviruses have
been characterized (reviewed in reference 21). Heartland virus
(HRTV) was isolated from two patients in Missouri, USA, who
experienced fever, fatigue, anorexia, diarrhea, and thrombocyto-
penia. Deep sequencing of total RNA from tissue culture cells
inoculated with the patients’ blood revealed a novel phlebovirus
that clustered phylogenetically with SFTSV (22). However, HRTV
is quite distinct from SFTSV, showing 27% and 38% differences in
the viral RNA polymerase and N protein sequences, respectively.
HRTV has been isolated from Amblyomma americanum ticks, im-
plicating this tick as the likely primary vector for transmission of
the virus within the United States (23). A further six cases of
HRTV infection have since been described (24).

In addition, contemporary genetic analyses of some previously
uncharacterized tick-borne bunyaviruses have now shown them
to be phleboviruses related to SFTSV and HRTV. The Bhanja virus
(BHAV) antigenic complex (Bhanja, Forecariah, Kismayo, and
Palma viruses) comprises tick-borne viruses that were assigned to
the family Bunyaviridae but were not further classified into a ge-
nus. BHAV was isolated in India in 1954 from a tick on a paralyzed
goat and causes fever and signs of central nervous system involve-
ment in young ruminants but not in adult animals. A few cases of
febrile illness in humans have been described, and serological sur-
veys in Eastern Europe suggest that BHAV is endemic in that re-
gion and may cause undetected human infection (6, 25). Two
recent papers report nucleotide sequence determination of Bhanja
group viruses (26, 27) and show that they are related to SFTSV and
HRTV. Lone Star virus (LSV) was originally isolated from A.
americanum (the lone star tick) in Kentucky in 1967 (28) and, like
BHAV, was an unclassified member of the Bunyaviridae. The se-
quence of the viral genome has recently been determined by deep
sequencing and shown to be in the same clade as BHAV (29). LSV
can infect human (HeLa) and monkey (Vero) cells in culture, but
there is no evidence for human infection. A novel phlebovirus
called Malsoor virus that is phylogenetically related to SFTSV and

HRTV has been reported from bats in India (30); whether Mal-
soor virus is tick borne is not known. Lastly, Hunter Island Group
virus has been isolated from ticks associated with shy albatrosses
in Australia (31). The zoonotic potential of these viruses (Malsoor
and Hunter Island Group viruses) is unknown. Thus, there is now
an expanding group of related and globally distributed tick-borne
phleboviruses that range from being apathogenic in humans
(UUKV) through mildly pathogenic (BHAV) to severely patho-
genic (SFTSV, HRTV).

An important tool for exploring the molecular biology and
pathogenesis of RNA viruses and also for vaccine development is
reverse genetics, defined as the ability to generate recombinant
viruses from cloned cDNA (32). Here we report the development
of a T7 RNA polymerase-based reverse genetics system for SFTSV.
We first established a minigenome system, which led to correction
of the published sequence of the SFTSV S segment (strain Hubei
29 [HB29]). Then, we generated full-length cDNA clones to HB29
from both minimally passaged and cell-culture-adapted virus
stocks, the latter containing a few amino acid changes in the M-
and L-segment-encoded proteins. Growth properties of the
recombinant viruses were studied along with analysis of viral pro-
tein synthesis, host cell protein synthesis inhibition, and examina-
tion of the subcellular localization of the viral proteins. We discuss
the implications of creating a reverse genetics system for SFTSV
for the study of this newly emerging pathogenic phlebovirus.

MATERIALS AND METHODS
Cells and viruses. Vero E6 cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS).
BSR-T7/5 cells (33), which stably express T7 RNA polymerase, were
grown in Glasgow minimal essential medium (GMEM) supplemented
with 10% FCS, 10% tryptose phosphate broth, and 1 mg/ml G418. HuH7-
Lunet-T7 cells (34), which also stably express T7 RNA polymerase, were
obtained from R. Bartenschlager and were grown in DMEM supple-
mented with 2 mM L-glutamine, nonessential amino acids, and 10% FCS.
All mammalian cell lines were grown at 37°C with 5% CO2 unless other-
wise stated.

Minimally passaged Hubei 29 (HB29) virus (isolated from human
serum of a 61-year-old female, 9 days following the onset of disease; Hubei
province, China, 2010) was grown only in the Beijing laboratory. The
plaque-purified cell culture-adapted strain, designated Hubei 29pp
(HB29pp), was supplied to the Glasgow laboratory via the CDC Arbovirus
Diseases Branch, Division of Vector-Borne Infectious Diseases, Fort Col-
lins, CO, courtesy of Amy Lambert.

In Beijing, all experiments with infectious virus were conducted in a
biosafety level 2 plus (BSL-2 Plus) facility under negative pressure, as
approved by the Chinese Ministry of Health, and in Glasgow under con-
tainment level 3 (CL3) conditions as approved by the UK Health and
Safety Executive. Stocks of recombinant viruses were grown in Vero E6
cells at 37°C by infecting at a low multiplicity of infection (MOI) and
harvesting the culture medium at 7 days postinfection (p.i.).

Total cell RNA extraction and RT-PCR. Vero E6 cells were infected at
an MOI of 0.01, and total cellular RNA was extracted at 72 h p.i. using
TRIzol reagent (Invitrogen). For reverse transcription-PCR (RT-PCR), 1
�g of total cellular RNA was mixed with a segment-specific oligonucleo-
tide (Table 1), 0.5 mM 4� deoxynucleoside triphosphate (dNTP) mix
(Promega), 40 U rRNasin (Promega), and 200 U Moloney murine leuke-
mia virus (M-MLV) reverse transcriptase (Promega) and incubated at
42°C for 3 h. The resulting cDNA was used in PCRs with primers de-
scribed in Table 1, and the products were visualized by agarose gel elec-
trophoresis. Products of the correct size were excised from the gel and
purified using Wizard SV Gel & PCR Clean-Up System (A9282; Pro-
mega), followed by direct nucleotide sequencing of the PCR product.

Rescue of SFTSV Entirely from cDNA Clones
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3= RACE. 3= RACE (rapid amplification of cDNA ends) analysis was
used to obtain both the 3= and 5= terminal sequences using strand-specific
primers. Briefly, virion RNA was isolated from supernatants using a
QIAamp Viral RNA minikit (52904; Qiagen), polyadenylated (AM1350;
Ambion) for 1 h at 37°C, and then purified using an RNeasy minikit
(Qiagen). Twelve microliters of polyadenylated RNA was then used in a
reverse transcription reaction with M-MLV reverse transcriptase (Pro-
mega) and 100 �M oligo(dT) primer for 10 min at 65°C, followed by PCR
using 0.3 �M 3= RACE anchor primer and 0.3 �M segment-specific
primer (Table 2) with KOD Hot Start DNA polymerase (Merck). Ampli-
fied products were purified on an agarose gel and their nucleotide se-
quences determined.

Plasmids. Plasmids for the recovery of SFTSV strains HB29 and
HB29pp were created based on the previously described system for RVFV
(35). Briefly, the QIAamp Viral RNA minikit (Qiagen) was used to extract
viral RNA from supernatants of infected cells, and cDNAs were amplified
through segment-specific RT-PCR. Viral antigenomic cDNAs were
cloned into TVT7R (0, 0) (36) linearized with BbsI. Nucleocapsid protein
and viral RNA polymerase open reading frames (ORFs) were cloned into
EcoRI-linearized pTM1 vector by In-Fusion HD restriction-free cloning
(Clontech) (Table 1). pTM1-HB29L (or pTM1-HB29ppL) and pTM1-
HB29N contain the L and N ORFs under the control of T7 promoter and
encephalomyocarditis virus internal ribosome entry site sequence;
pTVT7-HB29S, pTVT7-HB29M, pTVT7-HB29ppM, pTVT7-HB29L,

and pTVT7-HB29ppL contain full-length cDNAs in antigenome sense
orientation flanked by T7 promoter and hepatitis delta ribozyme se-
quences.

Plasmid pTVT7-HB29M:F300S contains a full-length cDNA to the
HB29 M segment in which nucleotide 1007 is mutated from thymine to
cytosine, resulting in a change of amino acid from phenylalanine to serine
at position 330 in the M segment polyprotein (F330S).

Plasmids expressing HB29-derived minigenomes were created, simi-
lar to those previously described for RVFV (37–39). The M-segment-
based construct contains the humanized Renilla (hRen) gene ORF se-
quence in negative sense flanked by full-length genomic sense
untranslated region (UTR) sequences in TVT7R (0, 0) and was called
pTVT7-HB29M:hRen. In the S-segment-based minigenome, the se-
quence of the NSs ORF was replaced with either that of the hRen or the
enhanced green fluorescent protein (eGFP) ORF, with the reporter gene
transcribed in the negative sense (called pTVT7-HB29SdelNSs:hRen and
pTVT7-HB29SdelNSs:eGFP, respectively). The UTR sequences in the S-
segment minigenome plasmids were subsequently corrected to insert the
additional nucleotides at either end.

Minigenome assay. BSR-T7/5 cells were transfected with various con-
centrations of pTM1-HB29N and 0.5 �g pTM1-HB29ppL or various con-
centrations of pTM1-HB29ppL and 0.5 �g pTM1-HB29N, together with
the M-segment minigenome plasmid pTVT7-HB29M:hRen (1.0 �g) and
pTM1-FF-Luc (0.01 �g) as a transfection control (40). Empty pTM1 vec-

TABLE 1 Oligonucleotides used for the construction of HB29 cDNA clones

Segment and clone Sequence (5=–3=)a

S segment
HB29SforT7� GAAATTAATACGACTCACTATAGacacaaagaAcccccaaaaaaggaaag
HB29SforT7� GGAGATGCCATGCCGACCCacacaaagAacccccttcatttggaaac

M segment
HB29MforT7� GAAATTAATACGACTCACTATAGacacagagacggccaacaatgatg
HB29MforT7� GGAGGTGGAGATGCCATGCCGACCCacacaaagaccggccaacacttcaatag

L segment
HB29LforT7� GAAATTAATACGACTCACTATAGacacagagacgcccagatgaacttgg
HB29LforT7� GGAGGTGGAGATGCCATGCCGACCCacacaaagaccgcccagatcttaagg

N ORF
HB29pTM1N� CTTTGAAAAACACGATAATACCatgtcggagtggtccaggattg
HB29pTM1N� CTTAATTAATTAGGCCTCTCGAGttacaggtttctgtaagcagcagcag

L ORF
HB29pTM1L� CTTTGAAAAACACGATAATACCatgaacttggaagtgctttgtg
HB29pTM1L� CTTAATTAATTAGGCCTCTCGAGttaaccccacataatggtgctc

a Underlined, T7 promoter sequence; italics, hepatitis delta ribozyme sequence; bold, 5= cloning site of pTM1; italics and underlined, 3= cloning site of pTM1; uppercase, vector-
derived sequences; lowercase, viral sequences.

TABLE 2 Oligonucleotides used for 3= RACE analysis

Primer for: Sequence (5=–3=)a

Genome position (nt)
(genomic RNA)

S segment
S-PCR (G) GATCTCAGGTAACCCAAGTCTAAGCCTC 518–545
S-PCR sequence (G) TCAACGAGGTCTCTCCTGAGAGTGGGGTAC 116–145
S-PCR (AG) GCGCATCTTTACATTGATAGTCTTGGTGAAGGC 1346–1373
S-PCR sequence (AG) CTGCAGCAGCACATGTCCAAGTGGGAAG 1146–1178

RACE-AP GACCACGCGTATCGATGTCGAC NAb

Oligo(dT) GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV NA
a V is nucleotide A, C, or G.
b NA, not applicable.
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tor was used to ensure that the total amounts of DNA (2.51 �g) trans-
fected into the cells were equal. To test the effect of the corrected S-seg-
ment UTR sequences on S-based minigenome activity, BSR-T7/5 cells
were transfected with 0.1 �g pTM1-HB29ppL and 0.5 �g pTM1-HB29N,
together with 1.0 �g of the S-based reporter plasmid pTVT7-
HB29SdelNSs:hRen based on the published sequence or with plasmids in
which one or both UTRs had been corrected. At 24 h posttransfection,
Renilla and firefly luciferase activities were measured using the Dual-Lu-
ciferase Assay kit (Promega) according to the manufacturer’s protocol.

Generation of recombinant viruses from cDNA. Recombinant vi-
ruses were generated by transfecting 7.5 � 105 BSR-T7/5 cells or 5 � 105

HuH7-Lunet-T7 cells with 0.1 �g pTM1-HB29ppL, 0.5 �g pTM1-
HB29N, and 1 �g each pTVT7-based plasmid expressing the viral antige-
nomic segments, using 3 �l TransIT-LT1 (Mirus Bio LLC) per �g of DNA
as transfection reagent. After 5 days, the virus-containing supernatants
were collected, clarified by low-speed centrifugation, and stored at
�80°C. Stocks of recombinant viruses were grown in Vero E6 cells at 37°C
by infecting at an MOI of 0.01 and harvesting the culture medium at 7
days p.i. The genome segments of the recovered viruses were amplified by
RT-PCR, and their nucleotide sequences were determined to confirm that
no mutations had occurred.

Production of SFTSV anti-N and anti-NSs antibodies. The coding
sequences for HB29 N and NSs proteins were amplified by PCR and
cloned into modified pDEST14 vector (Invitrogen) using SacI restriction
site for SFTSV N and SacI and XhoI restriction sites for SFTSV NSs. The
generated plasmids p14SFTSV N and p14SFTSV NSs contain an N-termi-
nal hexahistidine (6-His) tag for purification and a tobacco etch virus
(TEV) protease site (for removal of the 6-His tag). N and NSs proteins
were expressed in Escherichia coli BL21 Rosetta2 (Merck) with IPTG (iso-
propyl-�-D-thiogalactopyranoside) induction at 20°C for 18 h as de-
scribed previously (37). Recombinant N protein was purified using Ni-
nitrilotriacetic acid (Ni-NTA) resin. Recombinant NSs was totally
insoluble, and the specific NSs protein band was isolated from an SDS-
PAGE gel after Coomassie blue staining. The identities of the purified N in
phosphate-buffered saline (PBS) and NSs protein in gel bands were con-
firmed by mass spectrometry, and the proteins were used for generating
rabbit polyclonal monospecific antibodies (Eurogentec).

Virus titration by plaque assay or immunostaining. Vero E6 cells
were infected with serial dilutions of virus and incubated under an overlay
consisting of DMEM supplemented with 2% FCS and 0.6% Avicel (FMC
BioPolymer) at 37°C for 7 days. Cell monolayers were fixed with 4%
formaldehyde. Following fixation, cell monolayers were either stained
with Giemsa to visualize plaques or subjected to immunofocus-staining
assay. For the latter, cells were permeabilized with 0.5% Triton X-100 –
PBS for 30 min at room temperature, washed once in PBS, and subjected
to reaction with a 1:500 dilution of anti-HB29 N antiserum in buffer (PBS
containing 4% dry milk and 0.1% Tween 20) for 1 h. This was followed by
incubation with 1:1,000 dilution of horseradish peroxidase (HRP)-la-
beled anti-rabbit IgG (Cell Signaling Technology). Visualization of viral
foci was accomplished by using TrueBlue Peroxidase Substrate (InSight
Biotechnology).

Western blotting. At different time points after infection, cell lysates
were prepared by the addition of 300 �l lysis buffer (100 mM Tris-HCl
[pH 6.8], 4% SDS, 20% glycerol, 200 mM dithiothreitol [DTT], 0.2%
bromophenol blue, and 25 U/ml Benzonase [Novagen]), and proteins
were separated on an SDS– 4 to 12% gradient polyacrylamide gel (Nu-
PAGE; Invitrogen). Proteins were transferred to a Hybond-C Extra mem-
brane (Amersham), and the membrane was blocked by incubating in
saturation buffer (PBS containing 5% dry milk and 0.1% Tween 20) for 1
h. The membrane was incubated with HB29 anti-N and anti-NSs poly-
clonal rabbit antibodies or an antitubulin monoclonal antibody (Sigma).
This was followed by incubation with either goat anti-rabbit DyLight 680
conjugate or goat anti-mouse DyLight 800 antibodies (35568 and 35521,
respectively; Thermo Scientific). Visualization of detected proteins was
achieved by scanning on a Li-Cor Odyssey CLx infrared imaging system.

Metabolic radiolabeling. Vero E6 cells were infected at an MOI of 5.
At the time points indicated, cells were incubated in starvation medium
lacking methionine for 30 min, washed, and then labeled with [35S]me-
thionine/cysteine (30 �Ci/ml; Amersham Pharmacia Biotech) for 2 h. Cell
lysates were prepared by the addition of 300 �l lysis buffer (100 mM
Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 200 mM DTT, 0.2% bro-
mophenol blue, and 25 U/ml Benzonase [Novagen]), and proteins were
separated by SDS-PAGE as described above. Visualization of labeled pro-
teins was achieved by exposure to a Storm840 Phosphorimager (Molecu-
lar Dynamics).

Nucleotide sequence accession numbers. The sequences of the
HB29pp genome segments have been deposited in the GenBank database
with accession numbers KP202163(L segment), KP202164 (M segment),
and KP202165 (S segment).

RESULTS
Virus strains used in this study. Full-length cDNA clones were
generated from viral RNA from two sources: a minimally passaged
stock of SFTSV strain Hubei 29, which is the original isolate as
described in reference 10, and a plaque-purified cell culture-
adapted stock, called Hubei 29pp (HB29pp; M. Liang, unpub-
lished data), which was obtained following a further 4 passages in
Vero cells of the original isolate. HB29pp generates large immu-
nostained foci as well as large plaques in Vero cells, whereas the
original isolate forms small immunostained foci and pinpoint-
sized plaques. Nucleotide sequence determination of the HB29pp
genome revealed several nucleotide changes in both the M and L
RNA segments leading to four amino acid changes in the glyco-
protein precursor, and one amino acid change was found in the L
protein (Table 3), compared to the original isolate. No nucleotide
substitutions were found in the S segment, though 2 missing nu-
cleotides were identified in the S segment UTRs as described in
more detail below.

Development of a T7-driven minigenome system for SFTSV
and correction of the Hubei 29 S segment sequence. Bunyavirus
minigenomes comprise a reporter gene, such as luciferase, cloned
in the negative sense between the 3= and 5= untranslated regions of
a viral segment, under the control of T7 promoter and hepatitis
ribozyme sequences (41). When transfected into cells expressing
T7 RNA polymerase, a negative-sense genome analogue is tran-
scribed (the minigenome), and in the presence of coexpressed
viral N and L proteins, a functional ribonucleoprotein that allows
viral transcription and replication to be assessed by reporter gene
activity is produced.

Therefore, an HB29 M-segment-based minigenome contain-
ing the humanized Renilla (hRen) luciferase gene was created and
designated pTVT7-HB29M:hRen (Fig. 1A). BSR-T7/5 cells, which
express T7 RNA polymerase, were transfected with 1,000 ng
pTVT7-HB29M:hRen along with 500 ng of pTM1-HB29L and
increasing amounts of pTM1-HB29N (Fig. 1B) or with 500 ng
pTM1-HB29N and increasing amounts of pTM1-HB29L (Fig.
1C). Increasing amounts of nucleocapsid protein in the system
generally led to an increase in minigenome activity (Fig. 1B),
whereas there was a clear optimal amount of the L protein-ex-
pressing plasmid (100 ng) when using 500 ng pTM1-HB29N (Fig.
1C). Importantly, these data also show that the cDNA clones of
both the viral N and L genes were functional, an important pre-
requisite to establish a viral rescue system.

We also generated S-segment-based minigenomes in which the
NSs ORF was replaced with either hRen or eGFP genes (Fig. 1A),
using the UTR sequences originally reported for HB29 (GenBank
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accession no. HM745932), However, despite the success with the
M-segment-based minigenome, no Renilla luciferase activity
could be detected in transfected BSR-T7/5 cells with this S seg-
ment minigenome at any ratio of N to L expressing plasmid tested.

This prompted us to reexamine the UTR sequences of the S

segment. Virion RNA was prepared from the supernatant of cells
infected with either the original HB29 or HB29pp stocks and sub-
jected to 3= RACE analysis. As it had been shown previously for
other phleboviruses that both genomic and antigenomic copies
could be packaged into virions (42–44), we expected to be able to

TABLE 3 Nucleotide and amino acid changes between SFTSV isolates HB29 and HB29pp

Segment Positiona Location

Nucleotide in: Amino acid in:

HB29 wtHB29pp HB29 wtHB29pp

S 10 5= UTR —b A NAc

1738 3= UTR — T NA

M 980 Gn C T Thr Met
1400 Gn T C Leu His
1698 Gc A T Ala
2828 Gc G A Ser Asn
2902 Gc C A Arg Ser

L 3682 L A G Leu
4039 L T C Tyr
4066 L T C Ala
4102 L A G Val
4219 L G A Lys
6242 L G A Asp Asn

a Numbers refer to the viral antigenomic sense.
b —, nucleotide absent.
c NA, not appropriate.

FIG 1 Creation of HB29 S- and M-based minigenome constructs. (A) Schematic of the genome organization of S- and M-based minigenome constructs and the
relative orientation of the open reading frames in the transcription plasmids pTVT7. (B) Effect of increasing amounts of pTM1-HB29N on M-segment
minigenome assay. BSR-T7/5 cells were transfected with pTVT7-HB29M:hRen, pTM1-HB29ppL, pTM1-FF-Luc, and the indicated amount of pTM1-HB29N.
(C) Effect of increasing amounts of pTM1-HB29ppL on M-segment minigenome assay. BSR-T7/5 cells were transfected with pTVT7-HB29M:hRen, pTM1-
HB29N, pTM1-FF-Luc, and the indicated amount of pTM1-HB29ppL. In both cases, empty pTM1 vector was used to ensure that the total amount of DNA used
in each transfection was the same (2.51 �g). Renilla luciferase activity was measured 24 h posttransfection.
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determine the 3=UTR sequences of both polarities of RNA. Sanger
sequencing of RACE products confirmed that the M and L RNA
segment untranslated regions were as described for GenBank ac-
cession no. HM745931 and HM745930, respectively. However,
for the S segment, we found an additional A residue at position 9
and an additional U residue at position 1737 compared to the
database entry HM745932 (Fig. 2A). Based on these results, new
versions of the HB29 S segment minigenomes were created, con-
taining either the corrected antigenomic 5= UTR (5= AG UTR) or
both UTRs (Both UTR) corrected, and compared to the original
construct (Pub UTR) (Fig. 2B). Minigenome assays were set up
using 500 ng pTM1-HB29N and 100 ng pTM1-HB29L, as opti-
mized for the M segment minigenome. The addition of the A
residue to the S segment antigenomic 5= UTR showed a marked
increase in minigenome activity compared to the original S seg-
ment minigenome, and when both UTRs were corrected, minige-
nome activity showed a substantial increase in activity. Similarly,
we compared GFP expression from analogous minigenome con-
structs (Fig. 2C to F). No eGFP autofluorescence was seen with the
minigenome with the published UTR sequences (Fig. 2C), and few
eGFP-expressing cells could be observed when just the 5= UTR

sequence was corrected (Fig. 2D). However, when both UTRs
were corrected, cells exhibited robust eGFP autofluorescence 24 h
after transfection (Fig. 2E). Cells transfected with the functional
minigenome but lacking the L-expressing plasmid showed no
eGFP signal (Fig. 2F). These data indicate that the newly deter-
mined UTR sequences, with an additional nucleotide at each end,
represent the functional S segment promoters.

NSs inhibition of minigenome activity. It has been reported
previously that the NSs proteins of both Bunyamwera orthobun-
yavirus (BUNV) and RVFV (37, 40) inhibit the viral polymerase as
measured by minigenome assays. SFTSV NSs forms distinct punc-
tate structures in the cytoplasm of infected or plasmid-transfected
cells (45–48). The NSs structures have been shown to colocalize
with N protein and to be associated with viral RNAs, suggesting
that NSs plays a role in the replication of the virus (47). To inves-
tigate whether HB29 NSs affects the viral polymerase, S- or M-seg-
ment-based minigenome plasmids (1,000 ng of either pTVT7-
HB29SdelNSs:hRen or pTVT7-HB29M:hRen, respectively) were
transfected into BSR-T7/5 cells along with 500 ng pTM1-HB29N,
100 ng pTM1-HB29L, and increasing concentrations of pTM1-
HB29NSs (from 0.1 to 1,000 ng). As seen in Fig. 3A and B, Renilla

FIG 2 Correction of the sequence of the S-segment-based minigenome. (A) Schematic representation of 3=RACE data indicating that there is a missing A residue
at position 9 of both the 5= and 3= S segment UTRs. Conserved terminal nucleotides are highlighted in red, and open reading frames for N and NSs proteins are
underlined. (B) Effect of correcting the S-segment UTR sequence on S minigenome activity. BSR-T7/5 cells were transfected with pTM1-HB29N, pTM1-
HB29ppL, pTM1-FF-Luc and contained either the published UTR sequences (Pub-UTR) or pTVT7-HB29SdelNSs:hRen with an A residue inserted at position
9 of the 5= antigenomic UTR (5=AG UTR) or pTVT7-HB29SdelNSs:hRen with A and T residues inserted at position 9 of both 5= and 3=UTRs (Both UTR). “No
L” is a negative control without pTM1-HB29ppL (empty pTM1 vector was used instead). Renilla luciferase activity was measured 24 h posttransfection. (C to F)
eGFP autofluorescence observed in cells 24 h after transfection with analogous minigenome plasmids containing eGFP in place of hRen sequences: HB29 S with
published UTR sequences (C); A residue inserted at position 9 of the 5= antigenomic UTR (D); A and T residues inserted at position 9 of both 5= and 3=UTRs (E);
negative control without pTM1-HB29ppL (F).
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luciferase activity was significantly inhibited only when the largest
amount of pTM1-HB29NSs was added. While this inhibitory ef-
fect of NSs on the minireplicon was reproducible, the effect was
not as dramatic or as inherently dose dependent as that described
for BUNV or RVFV minigenomes, in which even small amounts
of NSs-expressing plasmid showed marked inhibition.

Recovery of infectious virus from cDNA clones derived from
minimally passaged HB29. Initial attempts to generate infectious
virus utilized cDNA clones based on the published sequences for
the original HB29 isolate (accession numbers HM745932,
HM745931, and HM745930), with the corrected S segment UTRs
as described above. One microgram of each transcription plasmid
(pTVT7-HB29S, pTVT7-HB29M, and pTVT7-HB29L), 0.5 �g
pTM1-HB29N, and 0.1 �g pTM1-HB29L were transfected into
subconfluent monolayers of BSR-T7/5 cells in a T25 flask. The
supernatant was harvested at 5 days posttransfection and titrated
on Vero E6 cells. An aliquot was used to infect Vero E6 cells to
generate a p1 stock. This recombinant virus was designated
rHB29. The average titer of virus in the supernatant of transfected
cells was 6.53 � 103 focus-forming units (FFU)/ml based on 9
rescue experiments. Following one passage in Vero cells, the aver-
age titer of rescued virus reached 5.1 � 107 FFU/ml (data not
shown). The foci formed by the recovered virus revealed a mixed
phenotype, the predominant form being small “pinprick” foci,
but larger diffuse foci were also seen (Fig. 4).

We also successfully rescued the virus following transfection of
HuH7-Lunet-T7 cells, though the titer of recovered virus (1.1 �
104 FFU/ml) was not significantly better than from BSR-T7/5 cells
(data not shown).

Serial passaging selects for large-focus-forming virus. It was
noticed that after a single passage of rescued virus in Vero cells, the
large-focus-forming phenotype was more abundant (Fig. 4C),
and after a further passage it was the dominant form (Fig. 4D). To
identify what mutation(s) had occurred in the genome of the
large-focus-forming virus, total cellular RNA was extracted from
Vero E6 infected with the p2 stock, and direct sequencing of viral
genomic cDNAs was undertaken. Only one change between the
sequence of the transfected plasmids and that of the large-focus-
forming virus was detected, at nucleotide 1007 (T to C) in the M
segment, resulting in a phenylalanine-to-serine change in the
polyprotein at amino acid residue 330; this mutation (F330S) oc-
curs in the mature Gn glycoprotein. The T1007C substitution was
introduced into pTVT7-HB29M, and the resulting plasmid was
used in the rescue system. Titration of the supernatant fluid in
Vero E6 cells showed that the majority of the rescued virus, des-
ignated rHB29M:F330S, showed the large-focus phenotype (Fig.
4E). However, the average titer of rHB29:F330S generated in 3
experiments was lower than that of rHB29, at 1.35 � 102 FFU/ml
(data not shown).

Rescue of cell culture-adapted plaque-forming virus
HB29pp. Full-length cDNAs to the HB29pp M and L segments
were cloned into a T7 transcription plasmid, and the L ORF was
cloned into a T7 expression plasmid. These plasmids, together
with pTVT7-HB29S and pTM1-HB29N (since there were no dif-
ferences in the S segments of HB29 and HB29pp), were transfected
into BSR-T7/5 cells to generate rHB29pp. Titrations of rHB29pp,
authentic HB29pp virus, rHB29, and rHB29:F330S were set up in
duplicate in Vero E6 cells to allow direct comparison of both focus
and plaque formation (Fig. 4F to M). One set of titrations was
processed for immunostaining with the anti-HB29 N antibody,
and the other set was fixed and then stained with Giemsa stain.
rHB29pp gave foci with sizes similar to those of authentic HB29pp
(Fig. 4F and G) and also formed similarly sized, easily discernible
plaques when visualized with Giemsa staining (Fig. 4J and K).
Both the foci and plaques were larger than those produced by
rHB29:F330S (Fig. 4H and L). In contrast, rHB29 produced small
immunostained foci and plaques were not visible (Fig. 4I and M).

Growth properties of recombinant and wild-type viruses.
The growth properties of the different viruses were compared in
Vero E6 cells at high (5) and low (0.1) MOI and titrated in the
same cells by both plaque- and focus-forming assays. For HB29pp
viruses, titers achieved by either assay were identical; titers of
rHB29 and rHB29:F330S were recorded only by focus-forming
assay. At both multiplicities, the recombinant and wild-type (i.e.,
authentic) HB29pp viruses grew efficiently, achieving titers of
�108 PFU/ml, though the rate of growth was quicker at the higher
MOI (Fig. 5A and B). The recombinant minimally passaged virus,
rHB29, grew to titers approximately 10-fold lower than those of
the HB29pp virus (Fig. 5C and D). The slight attenuation is pre-
sumably due to the lack of adaptation to cell culture. Interestingly,
the large-focus-forming variant, rHB29:F330S, was even more at-
tenuated, achieving titers 100- to 1,000-fold lower than those of
rHB29pp, depending on the MOI (Fig. 5C and D).

Protein synthesis in infected cells. Cell monolayers were also
harvested from the samples described above for the growth curves,

FIG 3 Effect of HB29 NSs protein on minigenome activity. BSR-T7/5 cells
were transfected with pTM1-HB29ppL, pTM1-HB29N, pTM1-FF-Luc, the
indicated increasing amounts of pTM1-HB29NSs, and either pTVT7-
HB29SdelNSs:hRen (A) or pTVT7-HB29M:hRen (B). No L, negative control
without pTM1-HB29ppL; empty pTM1 vector was used to ensure that equal
amounts of DNA were transfected into each reaction mixture. Luciferase ac-
tivities were measured at 24 h posttransfection.
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and lysates were prepared for Western blotting to monitor the
expression of the viral N and NSs proteins (Fig. 5). Monospecific
antibodies to bacterially expressed N and NSs proteins were raised
in rabbits as described in Materials and Methods. In wtHB29pp-,
rHB29pp-, and rHB29-infected cells, N protein was detected at 12
h p.i. in cells infected at high MOI and at 18 h p.i. following low
MOI infection. At both MOI, the intensity of the N signal in-
creased up to 48 h p.i. (Fig. 5E to G). However, the appearance of
N protein was delayed in rHB29M:F330S-infected cells, with N
protein not being detected until 18 h p.i. (high MOI) or 24 h p.i.
(low MOI) (Fig. 5H). Expression of NSs protein appeared to be
slower than that of N protein in all cases, particularly so in cells
infected at low MOI. In cells infected with rHB29M:F330S at low
MOI, NSs was barely detected (Fig. 5H).

Effect of viral replication on host cell protein synthesis. Some
phleboviruses, such as RVFV, cause a global inhibition of host cell
protein synthesis mediated by the NSs protein (49, 50), whereas
others, such as UUKV, have little effect on cellular protein pro-

duction (51). Therefore, to investigate whether SFTSV caused in-
hibition of host protein synthesis, Vero E6 cells were infected with
wild-type or recombinant viruses at an MOI of 5, pulse labeled
with [35S]methionine/cysteine at different times p.i., and cell ly-
sates were separated by SDS-PAGE (Fig. 6). In wtHB29pp-,
rHB29pp-, and rHB29-infected cells, the N protein was clearly
observed identified at 12 h p.i., while in rHB29M:F330S-infected
cells it was detected at 24 h p.i. (Fig. 6, black triangles). The NSs
protein was less easily identified because of comigrating host pro-
teins but was visible by 48 h p.i. in all samples (Fig. 6, asterisks).
Strikingly, there was no diminution of host cell protein synthesis
during the 2-h radiolabel pulse in infected cells compared to that
in mock-infected cells, indicating that in this aspect SFTSV be-
haves like the tick-transmitted UUKV rather than the mosquito-
transmitted RVFV.

Cellular localization of S-segment-derived proteins. Lastly,
we compared the cellular localizations of both the N and NSs
proteins in wild-type and in recombinant viruses. Vero E6 cells

FIG 4 Comparison of immunostained foci and plaque sizes of recombinant viruses. Vero E6 cells were infected with serial dilutions of virus and incubated under
an 0.6% Avicel overlay for 7 days at 37°C. Cell monolayers were fixed with 4% formaldehyde. Following fixation, cell monolayers were subjected to immuno-
focus-staining assay or stained with Giemsa stain to visualize plaques. (A) Foci from rescue of cDNA clones representing minimally passaged HB29. (B, C)
Increase in the number of large foci following passage of recombinant virus. (D, E) Direct comparison of rescue of recombinant virus from cDNA from minimally
passaged HB29 (D) and from M segment cDNA containing the F330S mutation in Gn (E). (F to I) Direct comparison of immunostained foci formed by
recombinant rHB29pp, authentic wtHB29pp, rHB29M:F330S, and rHB29 viruses, as indicated. (J to M) Direct comparison of Giemsa-stained plaques formed
by recombinant rHB29pp, authentic wtHB29pp, rHB29M:F330S, and rHB29, as indicated.
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were infected at an MOI of 5, and at 24 h p.i., cell monolayers were
fixed and stained with anti-N or anti-NSs antibodies for immu-
nofluorescent imaging. The cells were counterstained with DAPI
(4=,6-diamidino-2-phenylindole) to reveal the nuclei (Fig. 7). The

N protein was detected throughout the cytoplasm of infected cells
but was strongly associated with perinuclear structures that we
presume represent the Golgi apparatus at this late stage of infec-
tion. There was no difference in the distribution of N protein
between wild-type virus- and recombinant virus-infected cells
(Fig. 7A). NSs protein also had a cytoplasmic distribution in in-
fected cells, forming a few large, distinct, densely staining aggre-
gates within a single cell (Fig. 7B). Again, the staining patterns of
NSs were similar for wild-type HB29pp and for the recombinant
viruses and in accord with published observations (45–48).

DISCUSSION

SFTS virus is an important emerging member of the Phlebovirus
genus within the Bunyaviridae. The virus emerged in rural areas of
Hubei province, China, in 2009, and since that time the virus has
been detected in many other areas throughout China; subse-
quently, isolation from patients, coupled with retrospective sero-
logical studies, has revealed the presence of the virus in Japan and
South Korea as well (18–20). Here we describe the development of
a reverse genetics system that allows the recovery of infectious
viruses entirely from transfected cDNA clones. In particular, the
recombinant version of the plaque-purified, cell culture-adapted
strain HB29pp behaved similarly to the authentic virus. This is an

FIG 5 Growth properties of recombinant viruses. Viral growth curves were de-
termined for Vero E6 cells infected at low (0.1) or high (5) MOI, and titers were
measured by plaque assay or immunofocus assay as appropriate. (A, B) Compar-
ison of recombinant and wild-type HB29pp. (C, D) Comparison of recombinant
rHB20 and rHB29M:F330S. Graphs show a representative experiment of titrations
carried out at the same time. (E to H) Western blot analysis of S-segment-encoded
proteins from infected cells. Cell extracts were prepared from the growth curve
samples at the time points indicated, proteins were fractionated on 4 to 12% Nu-
Page gels, and blots were probed with anti-N, anti-NSs, and antitubulin antibodies
as indicated.

FIG 6 Lack of inhibition of host cell protein synthesis. Vero E6 cells were infected
at an MOI of 5 with wtHB29pp, rHB29pp, rHB29, or rHB29M:F330S or were
mock infected (M) as indicated. Cells were labeled with 30 �Ci [35S]methionine
and/or cysteine for 2 h at the time points indicated, and cell extracts were fraction-
ated by SDS-PAGE. The positions of the viral N (black arrows) and NSs (asterisks)
proteins are shown.

FIG 7 Intracellular localization of N and NSs proteins in infected cells. Vero
E6 cells were infected at an MOI of 5 with rHB29, wtHB29pp, rHB29pp, or
rHB29M:F330S or mock infected. At 24 h p.i., the cells were fixed with 4%
formaldehyde, followed by staining with either anti-N (A) or anti-NSs (B)
monospecific antibodies. Samples were counterstained with DAPI. Cells were
examined with a Zeiss LSM 710 confocal microscope. Bar, 10 �m.
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important advance that provides a new tool with which to inves-
tigate the molecular biology of viral replication and the pathogen-
esis of SFTS disease.

We first generated an M-segment-based minigenome and as-
certained that our nucleocapsid and polymerase protein-express-
ing clones were functional. We established the optimum ratio of
transfected N- and L-expressing clones for maximal minigenome
activity (Fig. 1), but when we then applied these to the S-segment-
based minigenome, no activity was observed. This led us to reex-
amine the published sequence for the HB29 S segment (accession
number HM745932), and 3= RACE analysis on virion RNA re-
vealed that there were two nucleotides missing from the published
sequence, one in each of the terminal UTR sequences of the S
segment (Fig. 2). Upon correction of these sequences, a significant
increase in minigenome activity was seen (Fig. 2). These data in-
dicate two points. First, SFTSV, like UUKV and RVFV (42–44),
packages both types of full-length RNA into virus particles, as a 3=
RACE protocol was used on virion RNA (i.e., RNA extracted from
supernatant virus) and sequences corresponding to both genomic
and antigenomic RNA 3= ends were obtained. Second, they high-
light the importance of obtaining cDNA clones that exactly match
the correct viral sequences in order to establish reverse genetics
systems, as has recently been described for Oropouche orthobun-
yavirus (52).

We were able to recover recombinant viruses both from cDNA
clones based on the original HB29 isolate (10) and from a cell
culture-adapted plaque-forming virus designated HB29pp. Re-
combinant virus rescued from the original cDNA clones (rHB29)
formed a mixture of very small pinprick foci and a subpopulation
of larger foci when assayed by immunostaining on Vero E6 cells
(Fig. 4A). Strikingly, as rHB29 was passaged on Vero E6 cells to
grow working stocks, the number of larger foci increased (Fig. 4B),
and by passage 2 they were the predominant form (Fig. 4C). Se-
quence analysis of this stock revealed only one amino acid change
in the entire genome, F330S, in the glycoprotein precursor. Intro-
ducing this change back into the M segment cDNA resulted in the
rescue of a virus that formed the large-focus phenotype. There are
no structural data available for SFTSV glycoproteins to help un-
derstand the effect of this mutation. The larger foci suggest faster
cell-to-cell spread of the virus, even though it grew to lower titers
than either the authentic HB29 or HB29pp viruses. Perhaps the
F330S substitution allows glycoprotein maturation and hence vi-
rion assembly to occur more rapidly, but this will require further
investigation. Interestingly, this substitution appears to be unique
among the numerous SFTSV glycoprotein sequences available in
the database, suggesting that it does not confer any advantage to
the virus in nature. In addition, this mutation was not found in the
genome of the virus whose plaque was picked to generate HB29pp.

The efficiency of recovery of plasmid-derived virus was not as
high as reported for other bunyaviruses, indicating perhaps that
neither BSR-T7/5 nor HuH7-Lunet-T7 cells are optimally permis-
sive for SFTSV replication. It remains to be seen whether this
imposes any limitations in the ability to recover mutant viruses.
However, a single passage in Vero E6 cells results in high-titer
virus stocks, and perhaps in the future a rescue system based on a
T7-expressing Vero E6 cell line should be considered.

A major function of bunyavirus NSs proteins, predominantly
studied using BUNV and RVFV, is as the viral interferon (IFN)
antagonist. For both of these viruses, some if not most of the NSs
protein produced locates to the nucleus, and considerable infor-

mation on the molecular mechanisms involved in inhibiting the
IFN response has accrued (53). Work by several groups involving
the transient expression of SFTSV NSs has elucidated a novel
mechanism used by this virus to antagonize the host cell innate
immune response (45–48, 54). SFTSV NSs forms distinct cyto-
plasmic bodies, as confirmed here (Fig. 7B); NSs was not detected
in the nuclei of infected cells. The Rab5-positive cytoplasmic “vi-
roplasm” structures cause the sequestration and spatial isolation
of several key components of the cellular innate immune re-
sponse, such as retinoic acid-inducible gene I (RIG-I), tripartite
motif 25 (TRIM25), TANK-binding kinase 1 (TBK1), and inter-
feron regulatory factor 3 (IRF-3), thereby preventing interferon
signaling (45–48, 54).

SFTSV NSs has also been shown to colocalize with N protein
and to be associated with viral RNAs, suggesting that NSs plays a
role in the replication of the virus (47). The NSs proteins of RVFV,
BUNV, and La Crosse and Oropouche viruses have been shown to
have an antagonistic effect on the activities of their respective
minigenomes (37, 40, 52, 55); we therefore investigated whether
SFTSV NSs behaved similarly (Fig. 3). However, transfection of an
NSs-expressing plasmid did not exhibit a dramatic dose-depen-
dent inhibition of minigenome activity, and only the largest
amount of transfected plasmid (considerably larger amounts than
for the other bunyavirus minigenome systems) significantly re-
duced activity. Interestingly, it has also been reported that SFTSV
NSs viroplasm structures interact with lipid droplets and fatty acid
biosynthesis inhibitors prevent their formation and hinder viral
replication (47). It would be of interest to investigate this in the
context of a minigenome system.

Other bunyaviruses such as RVFV and BUNV cause abrupt
and complete inhibition of host cell protein synthesis during in-
fection, which has been specifically attributed to NSs (53). In con-
trast, SFTSV replication appeared to have no effect on host cell
protein production (Fig. 6). Both BUNV and RVFV NSs proteins
have a nuclear localization, which allows for the interaction of NSs
with components of the RNA polymerase II transcriptional initi-
ation complexes that facilitate a global shutoff of host cell tran-
scription and, later, translation of proteins. Clearly, the exclusive
cytoplasmic location of SFTSV NSs does not allow interaction
with the RNA polymerase II machinery.

The above observations indicate major differences between the
NSs proteins of SFTSV and RVFV, two members of the Phlebovi-
rus genus. The development of a robust reverse genetics system
will allow detailed investigation of the SFTSV proteins in the con-
text of functional viruses or deletion mutants (as opposed to stud-
ies on transiently expressed proteins), which will facilitate the
study and understanding of this serious, novel, and emerging
pathogen.
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