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Abstract

We report the isolation of Australian strains of Bustos virus and Ngewotan virus, two insect- specific viruses in the newly identi-
fied taxon Negevirus, originally isolated from Southeast Asian mosquitoes. Consistent with the expected insect- specific tropism 
of negeviruses, these isolates of Ngewotan and Bustos viruses, alongside the Australian negevirus Castlerea virus, replicated 
exclusively in mosquito cells but not in vertebrate cells, even when their temperature was reduced to 34 °C. Our data confirmed 
the existence of two structural proteins, putatively one membrane protein forming the majority of the virus particle, and one 
glycoprotein forming a projection on the apex of the virions. We generated and characterized 71 monoclonal antibodies to both 
structural proteins of the two viruses, most of which were neutralizing. Overall, these data increase our knowledge of negevirus 
mechanisms of infection and replication in vitro.

InTRoduCTIon
Negeviruses are a proposed new taxon of insect- specific 
viruses, which now includes at least 19 species [1–11]. Phylo-
genetic analysis suggests that the taxon will be separated into 
at least two clades: Nelorpiviruses and Sandewaviruses [6, 12]. 
Negeviruses have been isolated in a wide variety of locations 
all over the world (Israel, USA, Peru, Cote d’Ivoire, Brazil, 
Indonesia, Trinidad, Philippines, Mexico, Japan, Australia, 
Colombia, Panama, Nepal, China, Portugal) from various 
insect species and genera (Anopheles, Culex, Lutzomyia, Aedes, 
Armigeres, Mansonia, Wyeomyia, Trichoprosopon, Coquillet-
tidia, Psorophora, Toxorhychites, Ochlerotatus, Uranotaeneia, 

Deinocerites) [12–14]. In addition, negevirus- related endog-
enous viral elements have recently been detected in silico 
in transcriptomic data obtained from a range of insects, 
suggesting that negeviruses have infected insects with high 
prevalence for a long time [15].

The genome size of negeviruses ranges from 9 to 10 kilobases 
(kb), with three open reading frames (ORFs). ORF 1 encodes a 
viral methyltransferase, an RNA ribosomal methyltransferase, 
a helicase and an RNA- dependent RNA polymerase (RdRp). 
ORFs 2 and 3 are thought to encode structural proteins. The 
proteins of only two viruses, Castlerea (CsV) and Bustos 
(BUSV) virus, have been resolved by sodium dodecyl sulfate 
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polyacrylamide gel electrophoresis (SDS- PAGE), which 
revealed the presence of two main structural proteins, thought 
to correspond to the ORF2 40–50 kDa glycoprotein and the 
ORF3 20–25 kDa membrane protein [6, 8]. These findings 
were confirmed by mass spectrometry for Castlerea virus [8].

Negeviruses cause strong cytopathic effect (CPE) in C6/36 cell 
cultures and replicate quickly to high titres in a range of insect 
cells [1, 6, 8, 9, 12]. Despite their high competency to repli-
cate in insect cells in vitro, these viruses have been shown to 
be insect- specific, since they cannot replicate in vertebrate 
cells at either 37 °C or 28 °C [1, 6, 9, 14]. Vasilakis et al. also 
performed in vivo assays in mosquitoes, which showed that the 
negeviruses did not have a deleterious effect on Aedes fitness 
after ingestion, despite the virus replicating and disseminating 
in the mosquito bodies [1]. Four negeviruses (Piura, Tanay, 
Okushiri and Castlerea viruses) have been imaged with nega-
tive stain using transmission electron microscopy (TEM), 
in all cases showing ellipse- shaped particles with a small 
projection at the apex of the virion [1, 3, 5, 8]. A number of 
ultrastructural features of the virus replication in mosquito 
cells have also been imaged by TEM showing expansion of the 
perinuclear space and accumulation of vesicles and tubular 
structures [1, 2, 12].

The study of these insect- specific viruses is of great impor-
tance given their widespread presence in arthropod- borne 
virus vectors and their potential to interact with the arbo-
viruses that are pathogenic to humans and animals. The 
generation of an infectious cDNA clone of Negev virus has 
been reported by others and will be a valuable tool in future 
studies to investigate negeviruses [16]. However, the only 
molecular detection tools available to study these viruses have 
been limited to RT- PCR, serum from a rabbit immunized 
with synthetic peptides from each ORF of BUSV, and serum 
from a mouse immunized with purified CsV [6, 8]. In order 
to further characterize these viruses, specific detection tools 
are needed.

In this study, we report the isolation of Australian strains of 
Ngewotan virus (NWTV) and BUSV in Culex mosquitoes. 
We have characterized these strains both in vitro and in silico 
and produced a number of monoclonal antibodies (mAbs) 
against the two putative structural proteins (membrane – M 
and glycoprotein – G) of both viruses, including one mAb 
cross- reacting with at least two members of the Nelorpivirus 
subgroup, NWTV and CsV.

RESuLTS
detection of negeviruses in Australian mosquitoes
One hundred and five Culex annulirostris mosquito homoge-
nates (pool size ranging from 1 to 172 mosquitoes per 
homogenate) collected in and around Cairns, Queensland, 
Australia, between 2005 and 2007 were screened over multiple 
passages in C6/36 cells using our high- throughput enzyme- 
linked immunosorbent assay (ELISA)- based virus screening 
system, Monoclonal Antibodies against Viral Replicative 
Intermediates in Cells (MAVRIC) [17]. Of these samples, 

13 were positive for replicating +ssRNA or dsRNA viruses, 
as viral dsRNA replicative intermediates were detected by 
the MAVRIC assay, or produced extensive CPE at 2–3 days 
post- infection (p.i.), as observed from rounding of the cells 
and apparent clearing of the monolayer (Fig. 1a). For some 
of the homogenates, the drastic CPE observed resulted in 
false- negative MAVRIC results due to loss of cells (Fig. 1a). 
Immunofluorescence assay (IFA) of selected unidentified 
samples in C6/36 cells at 48 h p.i., alongside West Nile virus 
(WNV)- infected cells as a positive control, showed viral 
replicative intermediates, detectable as perinuclear staining 
in the infected cells and typical of a replicating +ssRNA virus 
(Fig. 1b). When cell supernatants from C6/36 cells infected 
with four of the positive samples were titrated by TCID50 and 
fixed- cell ELISA with MAVRIC after 2 days of infection, it was 
found that the viruses had replicated to titres ranging from 
109.8 TCID50 IU ml−1 to 1011 TCID50 IU ml−1.

Given that the unknown viruses replicated to very high titres 
and caused substantial CPE, we hypothesized that these 
viruses could be negeviruses, among other virus families that 
fit these criteria, such as the Mesoniviridae [18]. Indeed, we 
have previously reported the discovery of negevirus CsV from 
Australian mosquitoes [8]. While testing of RNA extracted 
from the unknown viruses using RT- PCR and CsV- specific 
primers revealed that these isolates were not CsV, mispriming 
during the RT- PCR and subsequent sequencing of the 
amplified products identified some isolates as close relatives 
of negevirus NWTV (JQ686833), originally isolated from 
Culex vishnui mosquitoes collected in Indonesia in 1981 [1]. 
Subsequent analysis of RNA from each MAVRIC- positive 
sample using RT- PCR and NWTV- sequence specific primers 
revealed that 10/13 samples contained this virus (Fig. 1a).

All samples were further tested by RT- PCR using primers 
designed to detect ORF3 of all currently isolated viruses of 
the Sandewavirus subgroup of negeviruses. Sequencing of 
the resulting 338 bp PCR products revealed that some of the 
mosquito homogenates contained a close relative of BUSV, 
originally isolated from Mansonia sp. mosquitoes collected 
in the Philippines in 2009 (LC103139) [6]. All BUSV isolates 
were confirmed using BUSV ORF2- specific primers, with 8 
of the 13 mosquito pools returning a positive result for the 
presence of BUSV, including 7 samples that were co- infected 
with BUSV and NWTV (Fig. 1a).

next-generation sequencing
Deep sequencing was performed on the extracted RNA 
of BUSV isolate 153 834. The nucleotide sequences of our 
selected isolate (GenBank accession number MN101546) and 
the reference published BUSV genome (LC103139) shared 
93.8 % nucleotide identity over the whole genome (Fig. 2a), 
which confirmed the isolation of a new strain of BUSV. As a 
representative of an Australian isolate of NWTV, we chose 
to perform deep sequencing on sample 155 762 (GenBank 
accession number MN101547). The Australian NWTV isolate 
shared 88.9 % nucleotide identity with the prototype isolate 
from Indonesia (JQ686833) over the whole genome. For both 
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viruses, the most conserved ORF between the Australian 
strain and the reference Southeast Asian sequences was 
ORF1 (BUSV 98.3 % amino acid identity, NWTV 96.8 %), 
followed closely by ORF3 (BUSV 98.0 %, NWTV 94.2 %), 
while ORF2 was the most divergent (BUSV 91.6 %, NWTV 
90.7 %) (Fig. 2a).

Phylogenetic analysis
We performed two muscle alignments of 20–23 negevirus 
sequences of either the nucleotide sequence of ORF1 
(encoding for the polyprotein containing the viral methyl-
transferase, ribosomal RNA methyltransferase, helicase core 
domain and RdRp) or the amino acid sequence of ORF3 
(coding for the membrane protein) as per O’Brien et al. [8]. 

The alignments were used to build Bayesian phylogenetic 
trees under the Markov chain Monte Carlo model, see Fig. 2b, 
c. As expected from the sequencing results, in both trees, the 
Australian strain of BUSV grouped closely with the published 
sequence for BUSV from the Philippines, in the Sandewavirus 
clade, while the Australian strain of NWTV grouped with the 
Indonesian sequence, in the Nelorpivirus clade.

Host restriction in vertebrates
Previously, it was found that Negev virus did not replicate in 
representative vertebrate cells (Vero, baby hamster kidney, 
human embryonic kidney) at 37 °C or 28 °C at any time point 
tested [1]. BUSV was also found to be unable to replicate 
in baby hamster kidney cells at 37 °C [6]. We investigated 

Fig. 1. Isolation of two negeviruses in Australian mosquitoes. (a) Details of the 13/105 anti- dsRNA- positive mosquito homogenates and 
the negeviruses identified by RT- PCR in these pools. (b) Anti- dsRNA in viral replicative intermediates observed by IFA as perinuclear 
staining (green) in C6/36 cells (nuclei in blue). The cells were inoculated at an m.o.i. of 10 and fixed 2 days p.i.
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whether the Australian negevirus strains had a temperature- 
dependent replication in vertebrate cells, at 34 °C, which 
would still allow for efficient vertebrate cell replication but 
which would hinder the interferon response in those cells. 
BUSV and NWTV were used to inoculate mosquito (28 °C) 
and vertebrate cell cultures (34 and 37 °C), alongside CsV and 
the flavivirus WNV as a positive control. All viruses replicated 

in the mosquito cell line, but no negevirus replication could 
be detected in vertebrate cells at either 34 °C or 37 °C. This was 
evident from the absence of staining in IFA of the inoculated 
cells using dsRNA antibodies (Fig. 3a), as well as from the 
lack of detection of replicating virus in the corresponding cell 
culture supernatants, which were titrated on C6/36 cells in an 
attempt to amplify any replicating virus (Fig. 3b).

Fig. 2. Sequence analysis of Australian strains of negeviruses BUSV and NWTV. (a) Comparison by ORF of the Australian sequences 
of BUSV (153834) and NWTV (155762) isolated in this study with reference sequences of BUSV (LC103139) and NWTV (JQ686833) as 
well as the Australian negevirus CsV (KX886280). (b) Bayesian phylogeny of ORF1 nucleotide sequences of published negeviruses, built 
under the MCMC model with a general time- reversible substitution model, gamma distribution (five discrete gamma categories) and 
invariant rates among sites or with default parameters, respectively. (c) Bayesian phylogeny of ORF3 amino acid sequences of published 
negeviruses, with the same parameters as (b). Bolded BUSV and NWTV sequences are from viruses isolated from Australian mosquitoes 
in this study.
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Virus particles and protein profile
NWTV and BUSV were grown, purified and compared to 
CsV [8]. The purified virions were imaged by TEM nega-
tive stain and cryo- EM analysis, see Fig.  4a and b. The 
micrographs revealed prolate spheroid- like virus particles, 
with most particles presenting a plate- like projection that 

is suspended from one end of the virion, reminiscent of a 
basket hanging from a hot air balloon. Stratified virion surface 
layers were visualized by cryo- EM, which likely correspond 
to the virion membrane and the putative membrane protein 
(ORF3, M). Both BUSV and NWTV seemed to be pleomor-
phic, with sizes ranging from 40 to 80 nm for BUSV and from 

Fig. 3. Negevirus host restriction in vertebrate cells. BSR, Vero and C6/36 cells were inoculated at an m.o.i. of 1 with BUSV, CsV, NWTV 
and flavivirus WNV or mock infected and incubated at 37 °C or 34 °C (BSR and Vero cells) or 28 °C (C6/36 cells) for 5 days. The cells were 
fixed and stained in IFA with anti- dsRNA mAbs (a), while the supernatants were titrated on C6/36 cells and analysed by fixed- cell ELISA 
with anti- dsRNA mAbs (b), which demonstrated that the negeviruses were insect- specific at both 34 and 37 °C.
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50 to 110 nm for NWTV, with a majority at 60 nm for both 
viruses. The purified virions were reduced, electrophoresed 
on a polyacrylamide gel and stained with a whole protein 
Ruby stain (Fig. 4c). Clear bands were detected for BUSV 
at approximately 19, 23 and 39 kDa, while NWTV displayed 
clear bands at 21, 25, 39 and 75 kDa. These protein bands were 
excised and analysed by mass spectrometry, confirming that 
the lower bands between 19 and 25 kDa were the membrane 
protein (ORF3, M), and the 39 kDa bands corresponded to the 
glycoprotein (ORF2, G) for both viruses (Fig. 4d).

Production of hybridomas secreting BuSV- and 
nWTV-reactive monoclonal antibodies
BALB/c mice were inoculated with purified BUSV or NWTV 
virions and seroconverted after two doses of antigen. The 
cross- reactivity of our anti- negevirus sera was assessed 
in fixed- cell ELISA using negeviruses (BUSV, NWTV and 
CsV) and sera available in our laboratory (anti- BUSV and 

anti- NWTV from this study and anti- CsV from O’Brien et 
al. [8]). While the anti- BUSV polyclonal antibodies (pAb) 
reacted strongly with BUSV, there was no reactivity with 
similarly prepared NWTV and CsV antigen. Similar results 
were obtained when assessing the anti- NWTV and anti- CsV 
pAb against each of the viral antigens, suggesting that there 
was no antigenic similarity between these negeviruses.

To further the antigenic assessment, we produced mAbs, 15 
to BUSV and 56 to NWTV. The target protein of each hybri-
doma supernatant was identified by Western blot on virus- 
infected C6/36 cell lysates. The large majority of mAbs were 
found to detect the membrane protein (ORF3, M) around 
20 kDa, while only one anti- BUSV mAb and five anti- NWTV 
mAbs bound the glycoprotein (ORF2, G) around 37–39 kDa. 
Eight hybridoma supernatants detected both proteins in 
Western blot. The details of each hybridoma supernatant and 
representative Western blot images are presented in Figs 5 

Fig. 4. Negevirus particles. (a) TEM images of purified particles of Australian isolates of BUSV, NWTV and CsV, negatively strained with 1 % 
uranyl acetate. The particles are pleiomorphic, with varying sizes, an elliptical shape and a singular projection. (b) Cryo- EM imaging of 
the BUSV particles confirms the presence of a single projection that takes the form of a flat, plate- like prominence. Imaging also reveals 
stratified layers at the virion particle surface, consistent with the presence of a host- derived lipid bilayer. The scale bars represent 50 nm 
in (a) and (b). (c) Banding pattern of purified and reduced BUSV and NWTV particles in SDS- PAGE imaged under UV with whole- protein 
Ruby staining. The arrows point to visible bands of interest, namely the predicted membrane protein (M, ORF3) around 20- 25kD and 
the predicted glycoprotein (G, ORF2) around 40kD. MW kD, molecular weight in kilodaltons. (d) Mass spectrometry identified peptides 
mapped to the ORF2 and ORF3 amino acid sequences of BUSV and NWTV. The green text represents peptides that were identified with 
>95 % confidence, the orange text with >50 % confidence and the red text with <50 % confidence.
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and S1, available in the online version of this article. Micro-
neutralization assays were performed on C6/36 cells and all 
hybridoma supernatants displayed neutralizing activity (see 
titres in Table S1) except for two NWTV mAbs, which had 
been determined to bind weakly to NWTV G in Western 
blot. The majority of the mAbs were isotyped and, while the 
40 NWTV tested were identified as IgG, 13 BUSV mAbs were 
IgG and 3 were IgM.

All hybridoma supernatants were tested for cross- reactivity 
on CsV-, NWTV- and BUSV- fixed plates in ELISA. Only one 
mAb, N.7C6 (NWTV G, IgG) was cross- reactive and detected 
CsV. This mAb was confirmed to bind to both NWTV and 
CsV G around 40 kDa in Western blot (Fig. 5). A micro-
neutralization assay confirmed that N.7C6 could neutralize 
NWTV, but it did not neutralize CsV.

Growth kinetics in mosquito cell lines
Replication kinetics of the negeviruses were assessed in two 
mosquito cell lines, C6/36 (Aedes albopictus, RNAi- deficient) 
and Chao–Ball (Culex tarsalis) (Fig. 6). In C6/36 cells, CsV 
and NWTV showed strikingly similar growth curves with 
virus detected at 2 h p.i. with average titres reaching 106.89 
TCID50 IU ml−1 for NWTV and 105.68 TCID50 IU ml−1 for 
CsV at this time point and peak titres attained by 6 h p.i. at 
approximately 109 TCID50 IU ml−1 for both viruses. Compara-
tively, BUSV showed a slightly delayed growth curve with 
peak titre reached at 24 h p.i., also around 109 TCID50 IU 
ml−1. All three viruses showed plateaued growth after reaching 
peak titres. Replication kinetics in the Cx. tarsalis- derived 
Chao–Ball cell line mirrored that observed in C6/36 cells but 
showed a reduction of about 100- to 10 000- fold in virus titres.

Fig. 5. Monoclonal antibodies generated against BUSV and NWTV. (a) Representative Western blot images of BUSV and NWTV mAbs, 
detecting the membrane protein (M, ORF3) around 20- 25kD, the glycoprotein (G, ORF2) around 40- 45kD or both M and G. Only 1 mAb out 
of the 71 produced was cross- reactive, a NWTV G mAb (N.7C6) that also detected CsV G in Western blot. (b) Details of mAbs produced 
against BUSV and NWTV structural proteins.
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dISCuSSIon
We report the first detection of BUSV and NWTV in 
Australian mosquitoes. It is of interest that both viruses were 
originally isolated in Southeast Asia, over 3000 km away from 
Cairns (NWTV in Wotan, East Java, Indonesia and BUSV in 
Bustos, Bulacan Province, Philippines), and that the NWTV 
reference sequence was obtained from mosquitoes collected 
in 1981. Despite this large geographical and temporal 
separation, our phylogenetic and sequence analyses clearly 
demonstrate that the two viruses are closely related to their 
Southeast Asian counterparts, albeit with a certain level of 
genetic variation (93.8 % whole- genome nucleotide identity 
for BUSV Australian versus Filipino strains and 88.9 % for 
NWTV Australian versus Indonesian strains). The existence 
of these viruses in geographically separated locations mirrors 
what has previously been demonstrated for other negevi-
ruses, including the type species Negev virus, Piura virus 
and CsV [1, 7, 8]. The discovery of these viruses in Australia 
demonstrates the strength of the high- throughput sequence- 
independent screening method used by our group. The 
MAVRIC system has been and remains instrumental in the 
discovery and characterization of arthropod- borne viruses 
in Australian mosquitoes, viruses that would otherwise have 
gone undetected or unidentified [8, 17, 19–23]. The rise of 
large- scale next- generation sequencing of insects might lead 
to the detection of more of these virus sequences [24], but 
being able to isolate and characterize a virus can provide 
additional insights into its evolution and biology, adding to 
the significance of the discovery.

As has been shown previously for other negeviruses, our in 
vitro characterization of the host restriction of NWTV, BUSV 
and CsV revealed that none of the three viruses produced 
detectable amounts of infectious particles or viral antigen after 
5 days in cultures of BSR and Vero vertebrate cells, two gold- 
standard cell lines for the isolation of vertebrate- infecting 
arboviruses [1, 6, 9]. Furthermore, incubating vertebrate 
cells at 34 °C to limit the interferon response did not facilitate 
negevirus replication [25]. These data suggest that the innate 
interferon response, and any other temperature- dependent 
mechanism in vertebrate cell lines, do not comprise the sole 
mechanism restricting virus replication. Indeed, the first block 

to negevirus replication in vertebrate cells may be that of virus 
binding and/or entry. This is consistent with published data 
on insect- specific flaviviruses, which indicated that insect- 
specificity is due to multiple mechanisms of host restric-
tion [26, 27]. It is also possible that the higher temperature 
itself could be a restricting factor for negevirus replication. 
However, it was shown by others that Negev virus could not 
replicate in vertebrate cells incubated at 28 °C, suggesting that 
temperature was not the only restricting factor [1].

The TEM and cryo- EM imaging of purified particles prepared 
from the three members of this taxon analysed in this study 
demonstrated that the virions were pleiomorphic, with sizes 
ranging from 40 to 110 nm. All three viruses had common 
features and were similar to what was previously reported 
by us for CsV [8] and for negeviruses imaged using TEM by 
others, Piura virus, Tanay virus and Okushiri virus [1, 3, 5]. 
Indeed, the majority of virus particles were ~60 nm in size and 
had an elliptical shape, a projection on one of the apexes and 
low electron density. Our cryo- EM images are the first to be 
reported for negeviruses and help shed light on the structure 
of the glycoprotein. The plate- like projection is suspended 
from one end of the virion, reminiscent of a basket hanging 
from a hot air balloon. In addition, stratified virion surface 
layers were visualized by cryo- EM, which likely correspond 
to the virion membrane. The SDS- PAGE and mass spec-
trometry results confirm that negeviruses of both subgroups 
have two main structural proteins and that these correspond 
to ORFs 2 (G) and 3 (M) in the genome. The detection of 
peptides from both the N- and C- terminals in the 21 kDa 
protein from purified NWTV M suggests that this form is 
not a shortened, cleaved version of the full- length protein. 
Instead, this could reflect the presence of glycosylated and 
unglycosylated version of M in purified particle preparations, 
as observed for CsV [8]. The much stronger intensity for the 
ORF3 (M,~20–25 kDa) protein band in Ruby stain compared 
to the ORF2 band (G,~40–50 kDa) – identity confirmed by 
mass spectrometry – could suggest that M most likely forms 
the bulk of the virion, while G forms the projections. The 
banding pattern observed for NWTV corresponded roughly 
to published banding patterns for other members of the 
Nelorpivirus subgroup, namely CsV and Negev virus [6, 8]. In 

Fig. 6. Negevirus replication in vitro. Growth kinetics of BUSV, CsV and NWTV in two mosquito cell lines, C6/36 (Ae. albopictus) and Chao–
Ball (Cx. tarsalis). The cells were inoculated at an m.o.i. of 0.1 with the negeviruses and the supernatants of these cells were harvested in 
triplicates 2, 6, 24, 48, 72 and 96 h p.i., titrated on C6/36 cells and analysed by fixed- cell ELISA with specific mAbs B.2H10 for BUSV and 
N.5C11 for NWTV, or with mouse immune serum (1 : 2000) for CsV. The error bars represent the standard deviation.
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contrast, the observed BUSV banding pattern in SDS- PAGE 
differed from the published data for this virus, potentially 
because of variations in purification methods (sucrose 
gradient versus sucrose cushion and potassium tartrate 
gradient) and/or reducing conditions (beta- mercaptoethanol 
versus dithiothreitol, DTT) [6].

We report the production of the first mAbs to negeviruses, 
raised against the two structural proteins M and G of BUSV 
(Sandewavirus subgroup) and NWTV (Nelorpivirus). The 
majority of the 71 mAbs generated (15 anti- BUSV and 
56 anti- NWTV) were M- specific (13 anti- BUSV, 44 anti- 
NWTV), while only 6 detected G in Western blot (1 anti- 
BUSV and 5 anti- NWTV), once again suggesting that M is 
in higher abundance in purified virions than G, or that it is 
vastly more immunogenic than the other structural protein. 
A subset of hybridoma supernatants detected both M and G 
in Western blot, suggesting that they were not clonal. Out 
of the 71 mAbs produced, 69 were neutralizing, including 
mAbs against both structural proteins. These data suggest that 
both proteins play a vital role in negevirus attachment and/
or entry in mosquito cells. Only one mAb was cross- reactive, 
an anti- NWTV G mAb that also detected CsV in fixed- cell 
ELISA and bound to CsV G in Western blot. This was particu-
larly interesting given that while CsV and NWTV are in the 
same subgroup (Nelorpivirus), their ORF2 only shares ~54 % 
identity in amino acid sequence, compared to 71 % identity 
for ORF3. With only 13–15 % amino acid identity for ORF2 
between BUSV and NWTV or CsV, and 18–19 % for ORF3, 
it is not surprising that no cross- reactivity was observed with 
BUSV. Overall, these mAbs will be instrumental in resolving 
the detailed molecular organization of negevirus virions using 
cryo- EM or cryo- tomography. Indeed, antigen- binding frag-
ments derived from key mAbs could be employed in cryo- EM 
studies in complex with the whole virion to further reveal the 
structural organization of the negevirus particle, including 
the organization of the striking singular projection thought 
to be made up of the G protein. They will also be helpful tools 
to further understand negevirus replication mechanisms in 
vitro, as well as replication, dissemination and transmission 
in vivo, for example with immunohistochemistry on infected 
mosquito sections. We have now made these reagents more 
easily accessible to other groups through Mozzy Mabs, an 
online portal at the University of Queensland (https:// eshop. 
uniquest. com. au/ mozzy- mabs/).

The investigation of the growth kinetics of NWTV and 
CsV showed that both viruses reached peak titre by 6 h p.i., 
followed by a plateau, similar to the published data for Negev 
virus, which reported a peak in titre by the first sampled 
time point at 12 h p.i. [1]. Previously, we reported the detec-
tion of RNA replicative intermediates for CsV in cells at 3 h 
p.i. [8]. In this study, virus was detected in the supernatant of 
both cell lines at 2 h p.i., further suggesting that Nelorpivirus 
replication and egress occurs within the first few hours of 
infection. In contrast to our findings for NWTV and CsV, 
the Sandewavirus BUSV showed a delayed growth curve, 
reaching peak titres at 24 h p.i. These data complement the 
previously reported growth curve for BUSV by Fujita et al. 

[6], and could indicate a difference in replication between 
the Nelorpiviruses and the Sandewaviruses. Infection of the 
Cx. tarsalis- derived Chao–Ball cell line resulted in lower 
titres for all three viruses, but did not alter the overall 
growth kinetics. This reduction in titre may be attributed 
to an RNAi response in these cells. While there is very little 
information available on the Chao–Ball cell line, there is 
some indirect evidence to suggest they are RNAi- competent 
(Dr Prasad Paradkar, Australian Animal Health Laborato-
ries, Geelong, personal communication). These findings are 
also consistent with our previous work on CsV replication 
in the RNAi- competent Ae. albopictus RML-12 cell line and 
growth kinetics for Negev virus in Cx. tarsalis cells reported 
by Vasilakis et al. [1].

The discovery of these viruses in Australian mosquitoes is 
an important addition to the knowledge of the Australian 
mosquito virome. Of note is the fact that we isolated both 
viruses from the same samples, sometimes co- infected with 
a third virus, Alphamesonivirus-4 Casuarina virus (data 
not shown). This suggests that the viruses shared ecological 
niches. As Culex mosquitoes were the primary focus of the 
discovery project in Northern Queensland, the presence of 
NWTV and BUSV in other Australian mosquito species is 
not currently known. However, given that CsV and other 
negeviruses have been found across a broad range of mosquito 
species, it is possible that NWTV and BUSV may be present in 
other mosquito populations in Northern Queensland.

Of particular interest is the fact that all three negeviruses have 
been isolated from Cx. annulirostris, an important vector for 
clinically significant alphaviruses and flaviviruses in Australia 
[28–30]. In addition to this, CsV has been isolated from both 
Culex and Aedes mosquitoes from regions of Australia where 
routine surveillance for pathogenic arboviruses is undertaken 
[8]. This suggests that negeviruses can come into contact with 
pathogenic arboviruses in mosquitoes and as such it would be 
pertinent to understand how these interactions may affect the 
transmission of mosquito- borne pathogens in future studies.

In conclusion, we report the first isolation in Australia of two 
negeviruses originally discovered in Southeast Asia. These 
isolates have been instrumental in confirming the identity 
of negevirus ORFs 2 and 3 as coding regions for structural 
proteins and in the production of the first mAbs against 
negeviruses, including a cross- reactive Nelorpivirus G mAb. 
These tools will be essential to further elucidate the structure 
of the viruses in this novel taxon and determine the mecha-
nisms involved in their replication in vitro and in vivo.

METHodS
Mosquito homogenates
One hundred and five mosquito pools of Cx. annulirostris 
were collected from Cairns between 2005 and 2007 with 
CDC and EVS traps baited with dry ice and the pools were 
homogenized as described by Jansen et al. [31]. The pools 
contained from 1 to 188 mosquitoes.
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Cell culture
C6/36 cells (Ae. albopictus) were maintained at 28 °C in 
RPMI supplemented with 2–5 % foetal bovine serum (FBS). 
Chao–Ball (Cx. tarsalis) cells were maintained at 28 °C in 
Leibovitz’s L-15 medium supplemented with 5–10 % FBS 
and 10 % tryptose phosphate buffer. BSR (Mesocricetus 
auratus, hamster kidney fibroblast) and Vero (Cercopithecus 
aethiops, African green monkey kidney epithelial) cells 
were maintained at 37 °C in DMEM supplemented with 
2–5 % FBS. All cell lines were supplemented with 50 U ml−1 
of penicillin, 50µg ml−1 of streptomycin and 2 mmol l−1 of 
l- glutamine.

Fixed-cell ELISA screening
C6/36 cells were seeded in 96- well plates and incubated over-
night at 28 °C. Fifty microlitres of filtered mosquito homogen-
ates were inoculated in four wells per pool and incubated at 
28 °C for 5–7 days. Cell culture supernatants were harvested 
and stored at −80 °C until needed and the cells were fixed 
in 20 % acetone with 0.02 % bovine serum albumin (BSA) in 
phosphate- buffered saline (PBS) for 2 hours at 4 °C. After air 
drying overnight, a fixed- cell ELISA was performed using 
the MAVRIC anti- dsRNA mAbs as previously described [17].

Immunofluorescence assay
Cells were seeded on coverslips at 2×105 cells per well and 
incubated for 5 days after being inoculated with MAVRIC 
ELISA- positive supernatants. The coverslips were fixed in 
100 % ice- cold acetone for 5 min, allowed to dry and blocked 
with 1 % BSA in PBS or with PBS with Tween 20 and casein 
(PBSTC) for 1 h at room temperature. Primary mAbs were 
added to each coverslip and rocked at room temperature for 
1 h. The coverslips were washed thrice in PBS with Tween 
20 (PBST) and the secondary antibody, GαM antibody 
conjugated with AlexaFluor 488 dye (Invitrogen), was added 
to each coverslip, followed by rocking in the dark for 1 h at 
room temperature. The secondary antibody was removed and 
Hoechst stain was added, followed by incubation at room 
temperature for 5 min with rocking in the dark. The cells 
were washed again twice with PBST and once with PBS and 
mounted on microscope slides on a droplet of Prolong Gold 
antifade reagent (Life Technologies) to be dried overnight at 
room temperature in the dark. Images were then captured at 
a 400 or 200 times magnification with different filters; green 
for Alexa488 staining and blue for Hoechst nuclear staining. 
Composite images of the two staining were assembled with 
the software ImageJ.

Virus titrations
In order to titrate virus in cell culture supernatants, 4–10 wells 
of a 96- well plate seeded with C6/36 cells were inoculated with 
10- fold serial dilutions of sample, ranging from 10−1 to 10−8. 
The plates were left to incubate for 5 days at 28 °C and fixed 
to be analysed by fixed- cell ELISA using anti- dsRNA mAbs 
(see above). The virus titre (TCID50 IU ml−1) was calculated 
using the method of Reed and Muench [32].

RnA extraction, RT-PCR and sequencing
Viral RNA was extracted from 150 µl culture supernatant or 
directly from mosquito homogenate using the NucleoSpin 
RNA Extraction kit (Macherey Nagel), following the manu-
facturer’s instructions, and analysed by one- step RT- PCR, 
using the recommendations from the Superscript III One- 
Step RT- PCR System with Platinum Taq DNA Polymerase 
kit’s manufacturer (Invitrogen). The primer pairs used were 
CsV_ORF1 forward AGC CGT TAT CAA CTC TCT CG and 
reverse CGG TGA GAA GTC GAT GAG; NWTV_ORF2 
forward GTT TTC GAC CGG GAG TGT CT and reverse 
CTG GTC TGC ACC CAT GAC TT; Sandewa_ORF3 forward 
TTA GTG AAG GAA GTT GGT GC and reverse CAG CGG 
GGA ATC CAT CAT GTT AGC; and BUSV_ORF2 forward 
TCC AGC AGG ACA AAC CGT AC and reverse CAA CGT 
TAG ATC GAG CGG ACA.

RT- PCR products were resolved by electrophoresis on a 1 % 
agarose gel supplemented with 3 % Red Safe (Intron Tech-
nology) and imaged under ultraviolet light. When a product 
displayed a band of a significant size and brightness, it was 
excised from the gel and purified with NucleoSpin Gel and 
PCR Clean- Up kit (Macherey Nagel) following the manu-
facturer’s instructions. Purified PCR products were sent to 
the Australian Genome Research Facility (AGRF) for Sanger 
sequencing. Raw sequencing data were viewed using the 
software SeqScanner and the sequences were processed using 
the online tools blast (National Centre for Biotechnology 
Information) and ExPASy Translate.

next-generation sequencing, sequence analyses 
and phylogenetic analysis
BUSV (153834) was sequenced using Illumina on a HiSeq2000 
at AGRF. NWTV (155762) was sequenced at the Australian 
Centre for Ecogenomics (ACE) following a published method 
by Setoh et al. [33]. The assemblies for both whole genomes 
were performed using Geneious 8.1.9 using published NWTV 
(JQ686833) and BUSV (LC103139) as reference sequences. 
Both genomes were annotated following these references.

Two sequence alignments of 20–23 negevirus sequences were 
performed using the muscle algorithm with a maximum of 
10 iterations in Geneious 8.1.9 using either the nucleotide 
sequence of ORF1 (encoding for the polyprotein containing 
the viral methyltransferase, ribosomal RNA methyltrans-
ferase, helicase core domain and RdRp) or the amino acid 
sequence of ORF3 (coding for the membrane protein) as 
per O’Brien et al. [8]. The alignments were used to build 
Bayesian phylogenetic trees under the Markov chain Monte 
Carlo model with a general time- reversible substitution 
model, gamma distribution and invariant rates among sites 
in Geneious 8.1.9.

Limit dilution purification
A TCID50 was performed as described above on the virus 
stocks to be purified. Supernatants from each well of these 
virus titrations were harvested separately and stored at 
−80 °C while the cells were fixed and a fixed- cell ELISA was 
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performed using anti- dsRNA mAbs on these fixed cultures 
[17]. The supernatant from the most diluted positive well was 
titrated following the same procedure. After a second round 
of limit dilution, the supernatant of the most diluted positive 
well was used to grow a pure working stock of virus. The pure 
stocks were tested for other viruses by RT- PCR.

Vertebrate cell infections
BSR, Vero and C6/36 cells were inoculated in triplicates with 
BUSV, NWTV, CsV or the flavivirus West Nile virus, Kunjin 
strain (MRM61C), at a multiplicity of infection (m.o.i.) of 
1. The cells were incubated at room temperature for 1 h, the 
inoculum was removed, the cells were washed thrice with 
sterile PBS, the medium was replenished and the cultures 
were incubated at 28 °C (C6/36), 34 °C (BSR, Vero) or 37 °C 
(BSR, Vero). The cells were then fixed and stained in IFA using 
anti- dsRNA mAbs and the cell supernatants were titrated 
on C6/36 cells by TCID50 and analysed by fixed- cell ELISA 
using anti- dsRNA mAbs as described above. The results were 
graphed in GraphPad Prism 7.

Virus purification
The supernatant of infected C6/36 cells was harvested, clari-
fied by centrifugation at 3000 g at 4 °C for 10 min and filtered 
with a sterile 0.45 nm filter. One part of 40 % polyethylene 
glycol (PEG) 8000 was mixed with four parts of clarified 
supernatant containing virus and spun slowly on a wheel 
overnight at 4 °C. This mixture was centrifuged for 1 h at 
4 °C at 21 612 g (12 000 r.p.m.; JLA 16.250 Rotor, Beckman 
Coulter). The PEG- precipitated virions were resuspended in 
1 ml cold NTE (12 mM Tris at pH 8, 120 mM NaCl, 1 mM 
EDTA pH8) prior to ultracentrifugation through a 20 % 
sucrose cushion at 133 668 g (28 000 r.p.m.; SW32Ti Rotor 
Beckman Coulter) for 2 h at 4 °C. Following overnight incuba-
tion in 500 µl NTE at 4 °C, the resuspended pellet was layered 
onto a 10–40% potassium tartrate gradient and centrifuged at 
336 238 g (50 000 r.p.m.; SW60Ti Rotor, Beckman Coulter) for 
1 h at 4 °C. The virus band was extracted and the buffer was 
exchanged into NTE pH 8 prior to negative staining with 1 % 
uranyl acetate and viewed using a Tecnai F30 TEM operating 
at 300kV as previously described [18].

Cryo-electron microscopy
An aliquot of 5 µl of purified BUSV particles was applied to 
a glow- discharged R1.2/1.3 holey carbon grid (Quantifoil 
Micro Tools GmbH). The grid was blotted for 2 s (−3 blot 
force, 1 s drain time, 100 % humidity) and plunge- frozen in 
liquid ethane using a Vitrobot Mark IV (FEI/Thermo Fisher 
Scientific). Grids were transferred under liquid nitrogen to 
a Titan Krios TEM (FEI/Thermo Fisher Scientific) operated 
at 300 kV and set for parallel illumination. Movies were 
recorded at a defocus range of 1–3 µm on a K2 Summit 
direct electron detector (Gatan Inc.) in super- resolution 
mode at a nominal magnification of 105,000× (a pixel 
size of 0.705 Å at the specimen level) and using energy 
filtering. Each movie consisted of a 16 s exposure divided 
into 40 frames, with a total dose of 52 e-/Å2. The movies 

were binned two times by Fourier cropping before motion 
correction and integration with MotionCor2, giving a final 
pixel size of 1.41 Å.

Infected mosquito cell lysate
C6/36 cells were infected with CsV, BUSV or NWTV, or 
mock- infected and left to incubate at 28 °C for 2 days. The 
cell supernatant was harvested and discarded and the cells 
were washed once with sterile PBS and overlaid with 2 ml of 
BS9 lysis buffer (120 mM NaCl, 50 mM H3BO3, 0.1 % SDS and 
1 % Triton X-100, pH 9.0) at 4 °C for 10 min. The lysate was 
harvested and centrifuged at 1000 g for 5 min. The clarified 
lysate was supplemented with a cocktail of protease inhibitors 
(Sigma- Aldrich).

Protein gel electrophoresis and Ruby stain
Lysates or purified virion samples were loaded on 
4–12 % Bis- Tris protein gels (Thermo Fisher Scientific) 
with NuPAGE LDS loading dye (Thermo Fisher Scien-
tific) and Precision Plus Protein Kaleidoscope Prestained 
Protein Standards (BioRad) as a molecular marker for size 
reference. The lysates were loaded either directly or after 
reduction with 8.3 mM DTT at 90 °C for 3 min. The samples 
were electrophoresed for 45 min at 175V. The gels were then 
either transferred on nitrocellulose membranes for Western 
blot (see below) or fixed twice for 30 min in 50 % methanol 
and 7 % acetic acid buffer. The fixed gels were stained with 
SYPRO Ruby stain (Thermo Fisher Scientific) at room 
temperature on a rocker overnight. After a 30 min wash with 
10 % methanol and 7 % acetic acid and two 5 min washes 
with distilled water, the gels were imaged under ultraviolet 
light. Any strong band was excised and processed for mass 
spectrometry (see below).

Mass spectrometry
Excised gel bands were destained in 50 % acetonitrile/50 mM 
ammonium bicarbonate with shaking overnight at 37 °C. The 
gel slices were then incubated with 10 mM DTT for 30 min 
at 60 °C and with 55 mM iodoacetamide for 30 min at room 
temperature in the dark. The protein gels were then washed 
twice with 50 mM ammonium bicarbonate, dehydrated 
with 100 % acetonitrile at room temperature for 5 min and 
rehydrated with trypsin (10 ng µl−1 in 50 mM ammonium 
bicarbonate) at 4 °C for 20 min. Two parts of 50 mM ammo-
nium bicarbonate were added and the gels were incubated 
overnight at 37 °C. The gels were sonicated twice for 10 min 
in the presence of 50 % acetonitrile with 0.1 % formic acid. 
The resulting supernatants were lyophilized at 45 °C in a 
SpeedVac vacuum concentrator to remove the acetonitrile. 
The dried samples were resuspended in 5 % acetonitrile with 
0.1 % formic acid. The samples were cleaned with a Ziptip, 
dried down in a SpeedVac and resuspended in 0.1 % formic 
acid before processing for liquid chromatography/mass 
spectrometry at the Mass Spectrometry Facility, University 
of Queensland as previously described [8]. Proteins were 
identified using ProteinPilot software.
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Mouse injections and hybridoma fusion
The purified virus preparations were used to immunize 
BALB/c mice under Animal Ethics Committee approval 
number SCMB/AIBN/329/15/ARC. Two doses of purified 
virus were administered subcutaneously in combination with 
Advax adjuvant 2 weeks apart, and the mice were bled 2 weeks 
after the booster injection from the tail vein. Seroconversion 
to the inoculated virus was confirmed by fixed- cell ELISA. 
The mice were intravenously administered a final boost of 
purified virus without adjuvant 8–11 months post- initial 
injection and the sera and spleen were harvested 4 days later. 
Fusion of the spleen cells with myeloma cells was performed 
as previously described [34]. Hybridoma supernatants were 
tested on virus- infected C6/36 cells by fixed- cell ELISA as 
described above. Any positive hybridoma was passaged, 
upscaled and tested again. The positive supernatants were 
isotyped using Mouse Monoclonal Antibody Isotyping 
Reagents from Sigma following the manufacturer’s instruc-
tions using hybridoma supernatant, either undiluted or 
diluted up to 10- fold depending on the volumes available, 
and fixed plates of infected C6/36 cells.

Western blot
Electrophoresed BUSV- and NWTV- positive lysates were 
transferred onto nitrocellulose membranes at 30V for 60 min 
and blocked in PBSTC for 1 h with rocking at room tempera-
ture. Hybridoma supernatants were added on the membranes 
and rocked or mixed on a rotary shaker at room temperature 
for 1 h. Membranes were washed thrice for 2 min with TBST 
(50 mM Tris and 150 mM NaCl, with 0.05 % Tween20, pH 7.6) 
and IR Dye- conjugated secondary goat- anti- mouse was added 
(IRDye 800CW goat anti- mouse, LI- COR, USA) and rocked 
in the dark for 1 h at room temperature. The membranes were 
washed again thrice for 2 min with TBST and imaged on an 
Odyssey imager (LI- COR Biosciences).

Microneutralization assay
Hybridoma supernatants were titrated by doubling dilutions 
from neat to 1/8 or to 1/128 in 2 % FBS RPMI. The viruses 
(BUSV, NWTV or CsV) were diluted to 100 infectious units 
(IU) per 50 µl, added in equal volume to the mAbs dilutions, 
and incubated at 37 °C for 1 h. Fifty microlitres of incubated 
virus/antibody dilutions were then inoculated in duplicates 
on C6/36 cells preseeded in 96- well plates and incubated at 
28 °C for 5 days. The cells were then fixed and analysed by 
fixed- cell ELISA with virus- specific mAbs. The neutralizing 
titre was determined as the highest dilution for which both 
duplicate wells had no detectable virus.

Growth kinetics
Chao–Ball cells were seeded into 24 well plates at 105.2 per 
well and C6/36 cells were seeded at 105.3 per well. All cells 
were infected at an m.o.i. 0.1 with BUSV (passage 6), NWTV 
(passage 6) or CsV DC59801 (passage 3), and incubated at 
room temperature with agitation for 1 h. Inoculum was then 
removed and cells were washed three times with 500 µl PBS 

before 1 ml fresh media was added. Cells were incubated at 
28 °C and supernatant was harvested from triplicate wells 
at 2, 6, 24, 48, 72 and 96 h p.i. Collected supernatants were 
titrated by TCID50 on C6/36 cells, incubated at 28 °C for 2 days 
and analysed in fixed- cell ELISA using CsV mouse immune 
serum (1 : 2000), anti- BUSV mAb B.2H10 or anti- NWTV 
mAb N.5C11. The results were graphed in GraphPad Prism 7.
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