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Abstract In this study, we isolated and characterized an
insect nidovirus from the mosquito Culex tritaeniorhyn-
chus Giles (Diptera: Culicidae) in Vietnam, as an addi-
tional member of the new family Mesoniviridae in the
order Nidovirales. The virus, designated “Dak Nong virus
(DKNV),” shared many characteristics with Cavally virus
and Nam Dinh virus, which have also been discovered
recently in mosquitoes, and these viruses should be con-
sidered members of a single virus species, Alphamesoni-
virus 1. DKNV grew in cultured mosquito cells but could
not replicate in the cultured vertebrate cells tested. N-ter-
minal sequencing of the DKNV structural proteins revealed
two posttranslational cleavage sites in the spike glycopro-
tein precursor. DKNV is assumed to be a new member of
the species Alphamesonivirus 1, and the current study
provides further understanding of viruses belonging to the
new family Mesoniviridae.
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Introduction

The members of the order Nidovirales are enveloped
viruses that have a linear, single-stranded RNA genome of
positive polarity with a 5’ cap structure and a 3’ poly
(A) tail [1]. This virus order currently comprises four
families that include nine genera [2]: Arteriviridae (genus
Arterivirus), Coronaviridae (divided into two subfamilies,
Coronavirinae [genera Alphacoronavirus, Betacoronavi-
rus, Gammacoronavirus, and Deltacoronavirus) and
Torovirinae (genera Torovirus and Bafinivirus]), Roniviri-
dae (genus Okavirus), and Mesoniviridae (genus Alpha-
mesonivirus). The Ninth Report of the International
Committee on Taxonomy of Viruses lists approximately 80
nidoviruses, many of which infect birds and mammals,
including humans, livestock, and companion animals [1].
In contrast, bafiniviruses have been isolated from fresh-
water fishes [3, 4], and roniviruses are the only invertebrate
nidoviruses known to infect prawns. Coronaviruses and
roniviruses, which have genomes larger than 26 kb, are
categorized as “large nidoviruses”; they are the largest
RNA viruses known to date. In contrast, arteriviruses are
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referred to as “small nidoviruses” because of their 13-16
kb genome size.

Despite considerable differences in genome size and
gene composition, all nidoviruses have similar genome
organizations and replication strategies [1]. The large 5’
part of the genome encodes two partially overlapping
ORFs, which are generally designated ORFla and 1b.
Translation of ORFla yields a polyprotein called ppla.
ORF1b is translated as a fusion with the ORF1a product, to
form polyprotein pplab, by a programmed —1 ribosomal
frameshift (RFS) at the overlap site, which contains a
specific slippery sequence just upstream of a pseudoknot
structure. The large polyproteins ppla and pplab are pro-
teolytically processed to yield the replicase subunits,
including a 3C-like (3CL) protease flanked by transmem-
brane (TM) domains, which is encoded by ORFla, and
both an RNA-dependent RNA polymerase (RdRp) and a
superfamily 1 helicase (HEL1) encoded by ORF1b [5]. The
region downstream of ORF1b contains multiple smaller
ORFs, whose number may vary among viruses, which
encode a set of viral structural proteins (e.g., nucleocapsid
protein and spike glycoprotein). Translation of these
structural proteins occurs through a nested set of 3'-coter-
minal subgenomic mRNAs that are controlled by leader
transcription-regulating sequences (TRSs) and have dif-
ferent 5° ends depending on the nidovirus family and genus
[6].

Recently, two new nidoviruses have been discovered in
mosquitoes in different regions. A short genome fragment
of Cavally virus (CavV), the first nidovirus isolated from
mosquitoes in Cote d’Ivoire, was reported in 2009 [7], and
its detailed characterization was reported in 2011 [8]. Soon
after that, isolation and characterization of Nam Dinh virus
(NDiV) from mosquitoes in Vietnam was reported [9]. The
two new viruses have genome organizations and gene
expression patterns that are essentially similar to those of
known nidoviruses, and it is noteworthy that their genome
sizes (approximately 20 kb) are intermediate between those
of large and small nidoviruses. Subsequent detailed anal-
ysis of the CavV and NDiV genomes implied that they
should be considered members of a single virus species,
Alphamesonivirus 1, which has been assigned to a new
family, Mesoniviridae (genus Alphamesonivirus), in the
order Nidovirales [10]. As these viruses were only recently
discovered, their ecological aspects (e.g., host range, life
cycle, and pathogenicity) remain to be elucidated.

In this study, we describe the isolation and character-
ization of a virus from the mosquito Culex tritaeniorhyn-
chus Giles (Diptera: Culicidae) in Vietnam. The virus,
designated “Dak Nong virus (DKNV),” has characteristics
similar to CavV and NDiV in virion morphology, genomic
sequence, and genome organization. Furthermore, we
present the growth properties of DKNV in several cultured
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cell lines and describe the processing of the spike glyco-
protein precursor, which provides further understanding of
viruses belonging to the new family Mesoniviridae.

Materials and methods
Mosquito collection

Female mosquitoes of the species C. tritaeniorhynchus
were captured in Dak Nong Province in the highlands of
Vietnam in July 2007 [11]. Collected mosquitoes were
sorted into pools and kept frozen at —80 °C.

Cell culture and virus isolation

The mosquito cell line C6/36 (HSRRB, Osaka, Japan) was
used for further study. Cell culture and virus isolation were
done as described previously [12]. In brief, supernatants of
mosquito homogenates were passed through sterile 0.45-
um filters. The filtrates were diluted and inoculated onto
monolayers of C6/36 cells, and the cells were incubated for
7 days. After two additional blind passages, the superna-
tants were harvested and stored as viral stocks at —80 °C.

Electron microscopic analysis

The culture supernatant from infected C6/36 cells showing
CPE was centrifuged at 1,600 x g for 15 min, and the
supernatant was centrifuged again at 12,000 x g for 30 min
to remove cellular debris. The fluid was fixed in 2 % glu-
taraldehyde and processed for negative-stain electron
microscopy with 2 % phosphotungstic acid.

Plaque purification and titration of the virus

Monolayer cultures of C6/36 cells grown in 6-well culture
plates were inoculated with tenfold serial dilutions of the
virus stocks. After 1 h of virus adsorption, cells were
covered with overlay medium (MEM containing 1 %
SeaPlaque GTG Agarose [TAKARA BIO, Shiga, Japan],
2 % FBS, and 2 % non-essential amino acids). Two days
later, a single plaque was collected and suspended in the
culture medium, which was inoculated onto C6/36 cells to
propagate the plaque-purified strain, HL30.

Four mammalian cell lines, Vero (African green mon-
key kidney), BHK-21 (baby Syrian hamster kidney),
HmLu-1 (hamster lung) and CCL-141 (duck embryo), and
three mosquito cell lines, C6/36, NIAS-AeAl-2 (Aedes
albopictus) [13], and NIID-CTR (C. tritaeniorhynchus)
[14], were used to examine the host range of the HL30
strain. Each cell line (2 x 10° cells) was plated in a 25-cm?
culture flask and inoculated with virus at an m.o.i. of 0.01
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PFU/cell. Two hours after infection, the inoculum was
removed and replaced by fresh medium. Small aliquots of
the medium were recovered at periodic intervals, and each
aliquot was titered by plaque assay on C6/36 cells [15, 16].

Nucleotide sequence determination and analysis
of the viral genome

To identify the infectious agent HL.30, we analyzed HL30-
infected cell cultures using the rapid determination of viral
RNA sequences (RDV) system, a method for sequence-
independent amplification of viral genome sequences [17].
After obtaining the infection-specific sequences by the
RDV system, specific internal primers were designed to
amplify unknown flanking regions and to fill gaps in the
viral genome sequence. First-strand cDNA was generated
using a SuperScript III Reverse Transcription System
(Invitrogen, Carlsbad, CA, USA). PCR was performed
using KOD Plus-ver. 2 (Toyobo Co. Ltd., Tokyo, Japan).
To determine the 5'- and 3’-terminal sequences of the viral
genome, RACE was performed using a GeneRacer Kit
(Invitrogen).

RNA secondary structures were predicted using the
DotKnot program [18, 19]. The deduced amino acid (aa)
sequences of each ORF were analyzed for predictions of
hydrophilicity using TMpred [20], transmembrane helices
using TMHMM 2.0 [21], and signal peptides using SignalP
4.0 [22]. Prediction of the cleavage sites in the putative
spike glycoprotein precursor was performed using ProP 1.0
[23], and coiled-coil structure prediction analysis of the
precursor was conducted using the COILS [24] and Paircoil
2 [25] servers in the default configuration. Prediction of
protein binding and order/disorder regions was conducted
using the ANCHOR server [26].

Identification of transcription-regulating sequences
for subgenomic mRNAs

To identify TRSs for DKNV, 5'-terminal sequences of viral
subgenomic mRNAs were determined using 5’-RACE
analysis. In brief, total RNAs were extracted from infected
C6/36 cells using an RNeasy Mini Kit (QIAGEN Inc.,
Venlo, The Netherlands). Poly(A)" RNAs were separated
from total RNA using a Poly(A)" Isolation Kit from Total
RNA (Nippon Gene Co., Tokyo, Japan) and then were
subjected to 5’-RACE analysis using a GeneRacer Kit
(Invitrogen).

Northern hybridization
Viral transcripts were examined by northern hybridization

using DIG-labeled antisense RNA probes. A 481-bp
region (sequence position 19740-20220) was selected for

the probes, which were initially amplified by RT-PCR.
The PCR product containing a complete T7 promoter
sequence was used as the template for generating DIG-
labeled RNA probes with a DIG RNA Labeling Kit
(Roche Diagnostics, Tokyo, Japan). Total RNA extracted
from infected C6/36 cells was electrophoresed in a 0.8 %
denaturing formaldehyde agarose gel, transferred to a
nylon membrane (Hybond-N+; GE Healthcare, Uppsala,
Sweden), and then UV cross-linked to the membrane.
After a prehybridization, the probe was hybridized to the
blot in DIG Easy Hyb (Roche Diagnostics) at 68 °C
overnight. The membrane was washed twice with 2xSSC
(0.1 % SDS) at RT for 10 min and 0.1xSSC (0.1 % SDS)
at 68 °C for 20 min. The RNA-RNA hybrid was detected
using immunodetection with alkaline phosphatase-conju-
gated anti-DIG antibody Fab fragments in blocking
solution, and the hybridization signals were captured
using CDP-Star (Roche Diagnostics).

Analysis of viral structural proteins

One hundred milliliters of supernatant taken from C6/36
cell cultures inoculated with HL30 and incubated for 2
days were used for virus purification. The fluid was clari-
fied from cell debris by low-speed centrifugation and
mixed with polyethylene glycol (PEG) solution (final
concentration, 8 % PEG 6000, 0.5 M NaCl) at 4 °C over-
night. The fluid was centrifuged (4500 x g, 30 min, 4 °C),
and the precipitate was resuspended in Dulbecco’s PBS (—)
(DPBS; Gibco BRL, Gaitherburg, MD, USA). The sus-
pension was layered on 3 ml of a linear sucrose gradient
(20-70 % in DPBS) and ultracentrifuged (85,000 x g, 16
h, 4 °C). The fraction containing the virus band, visualized
by illumination, was collected, dialyzed against DPBS to
remove the sucrose, and analyzed for viral structural pro-
teins. Protein samples for SDS-PAGE analysis were pre-
pared by mixing the purified virus suspension with SDS
sample buffer in the presence of 2-mercaptoethanol and
then heating it at 95 °C for 3 min. The viral proteins were
electrophoresed on a 15-20 % gradient tricine polyacryl-
amide gel (Wako Pure Chemical Industries) and stained
using Oriole Fluorescent Gel Stain (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

The N-terminal sequences of representative proteins
were determined by Edman degradation. Viral protein
bands on a gel were transferred to a PVDF membrane (Bio-
Rad Laboratories) in transfer buffer using a semi-dry
blotter (Bio Craft, Co., Ltd., Tokyo, Japan). The protein
bands stained with SimplyBlue Safestain (Life technolo-
gies, Carlsbad, CA, USA) were excised from the mem-
brane and subjected to N-terminal sequencing using an
Applied Biosystems 494/HT PROCISE Sequencing
System.
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Phylogenetic study

Bayesian phylogenetic inference, based on the protein
sequences of the core motif in the RdRp domains, was
conducted using selected members of the order Nidovi-
rales. The inferred aa sequences of the F3 domain as well
as the A, B, and C domains of DKNV were aligned toge-
ther with the corresponding regions of 19 nidoviruses [27,
28]. A tree was constructed using the program Mrbayes
3.1.2 [29] for mrmodeltest analysis with a WAG substitu-
tion matrix [30]. In addition, the aligned matrix data were
also analyzed using neighbor-joining (NJ) and maximum-
likelihood (ML) algorithms with the JTT models [31] using
the software package PHYLIP ver. 3.69 [32] to avoid
algorithm bias. The statistical significance of the resulting
trees was evaluated using a bootstrap test with 1,000 rep-
lications [33]. All trees were represented graphically using
TreeView software ver. 1.6.6 [34].

Nucleotide sequence accession number

The complete genome sequence of DKNV has been
deposited in the GenBank/EMBL/DDBJ database under
accession number AB753015.

Results

Isolation, electron microscopy, and growth kinetics
of the new virus

During the course of arbovirus surveillance in mosquitoes
from Vietnam [11], we observed that two pools of mos-
quito homogenate from 131 pools (4,199 mosquitoes) of C.
tritaeniorhynchus induced severe CPE in C6/36 cultured
mosquito cells. Cell growth was significantly suppressed
by the agents, and almost all cells were detached from the
surface of the culture plate within 48-h postinfection
(Fig. 1). Electron microscopic observation revealed that
enveloped, spherical virus-like particles with an average
diameter of approximately 80 nm were present in the
infected cell culture supernatant (Fig. 2a). Surface projec-
tions that protrude from the envelope were observed on the
particles (Fig. 2b).

The virus was plaque purified on C6/36 cells, and a
purified strain designed HL30 induced severe CPE in
C6/36 cells similar to the unpurified original isolate.
HL30 could replicate in two other mosquito cell lines
but not in the cultured vertebrate cell lines tested
(Fig. 3). Interestingly, HL30 grew to high titers
(approximately maximum titer 10'' PFU/mL within 36 h
post-infection) in two A. albopictus cell lines, C6/36 and
NIAS-AeAl-2, but grew poorly (approximate maximum
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titer, 10? PFU/mL) in the C. tritaeniorhynchus cell line
NIID-CTR.

Genetic characterization of the new virus

We applied the RDV system [17] to identify the isolated
viruses. The PCR products from the final step of the RDV
system were sequenced and compared to the public
sequence databases. Several PCR amplicons that proved to
be infection-specific had significant homology to the
nucleotide sequences of two recently discovered insect
nidoviruses, CavV [8] and NDiV [9], which have been
recently assigned to be the same virus species, Alphame-
sonivirus 1 [10]. Based on virion morphology and the
sequence homology, we concluded that the infectious agent
could be an insect nidovirus related to CavV and NDiV,
and we named it as “Dak Nong virus (DKNV)”, after the
province of the mosquito collection site in Vietnam.

The complete genome sequence of DKNV (strain HL30)
was 20256 bp in length excluding the 3’ poly (A) tail. The
genome organization closely resembles that of the nidovi-
ruses [1], particularly viruses of the species Alphamesoni-
virus I [10]. The DKNV genome appeared to contain at
least seven ORFs, ORFla (bp 371-7984), ORFlb (bp
8245-15744), ORF2a (bp 15768-18494), ORF2b (bp
15782-16450), ORF3a (bp 18538-19011), ORF3b (bp
18887-19237), and ORF4 (bp 19547-19684) (Fig. 4a).
The coding region of the genome is flanked by a 5'-
untranslated region (UTR) (bp 1-370) and a 3’-UTR (bp
19685-20256) followed by the poly (A) tail.

Like the current members of the species Alphamesoni-
virus 1, the two largest ORFs of DKNV contained several
conserved domains found in all nidoviruses: a 3CL prote-
ase domain flanked by two TM domains that is encoded
within ORFla, and both an RdRp domain and a HELI
domain that are encoded within ORF1b (Fig. 4a). Two
other replicative domains common to nidoviruses (except
arteriviruses), a 3’-to-5’ exoribonuclease (EXON) and a
ribose-2'-O-methyltransferase (O-MT) were also identified
in the C-terminal portion of DKNV ORFIb. In addition,
like roniviruses and viruses belonging to Alphamesonivirus
1 (CavV and NDiV) [10], a putative N7-methyltransferase
(N-MT) was also identified in the region between the
EXON and O-MT domains, but not the uridylate-specific
endoribonuclease (NendoU) domain that is commonly
found in most nidoviruses [35-37].

The DKNV ORF2a, which is expected to encode a spike
glycoprotein, encodes a 908-aa protein that contains five
stretches of hydrophobic residues (Fig. S1); it has a pre-
dicted molecular mass of 103.8 kDa (Table 1). The pro-
gram SignalP 4.0 predicted that signal peptidase-mediated
cleavage could occur just after the second hydrophobic
stretch (aa position ,3;C|S) and that the C-terminal
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(b)

Fig. 1 (a) Phase-contrast micrographs of mock-infected (left) and DKNV-infected (right) C6/36 cells at 2 days postinfection. Scale bars indicate
100 pm. (b) Plaque morphology induced by DKNV infection of a C6/36 cell monolayer in a 6-well plate (Corning Inc., NY, USA)

Fig. 2 Negative-contrast electron micrographs of DKNV particles

hydrophobic stretch could be a TM domain (aa position
889-908). DKNV ORF2b, which encodes a putative
nucleocapsid protein, encodes a 222-aa (24.7 kDa) protein
containing 12 proline (5 %), 34 basic (15 %), 18 acidic
(8 %) and no cysteine residues. This protein was predicted
to be highly basic (pI = 10.26) and hydrophilic (Fig. S1).
The DKNV ORF3a and ORF3b encodes a 157-aa and a
116-aa protein with predicted molecular masses of 17.4
kDa (pI = 8.13) and 13.9 kDa (pI = 9.3), respectively. The
deduced aa sequence of the ORF3a product was predicted
to contain an N-terminal signal sequence (aa position 1-17)
and a single-pass TM domain (aa position 94-116). In
contrast, the putative protein encoded by ORF3b possessed
an N-terminal hydrophilic region and a C-terminal hydro-
phobic region predicted to have a double-spanning TM
topology (Fig. S1); such an amphiphilic nature is typical
for matrix proteins of nidoviruses [8].

Analysis of viral transcripts

To identify the TRSs of DKNV [6], the 5'-terminal
sequences of viral subgenomic mRNAs were analyzed by
5'-RACE using gene-specific primers derived from the
sequences of ORFs 2, 3, and 4. The leader TRSs for gen-
erating subgenomic mRNA?2 (for expressing ORF2a and 2b
proteins) and mRNA3 (for expressing ORF3a and 3b pro-
teins) were identified at sequence regions 124-144 and
2640 of the viral genome, respectively, indicating that at
least two different leader TRSs were utilized to generate
subgenomic mRNAs (Fig. 4b). The 5'-terminal region of
putative mRNA4 (for expressing ORF4 proteins) was not
amplified in this experiment.

To confirm the presence of DKNV subgenomic mRNAs,
northern blotting was performed with a DIG-labeled RNA
probe specific for the 3’-terminal region of the DKNV
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Fig. 3 Growth kinetics of DKNV in four vertebrate cell lines (Vero,
BHK-21, HmLu-1 and CCL-141) and three mosquito cell lines (C6/
36, NIAS-AeAl-2, and NIID-CTR)

genome. Two strongly hybridizing bands were detected at
approximately 4.5 kbp and 1.8 kbp in size (Fig. 4b), which
were almost identical to the expected sizes of mRNA?2 and

mRNA3, respectively. Like CavV [8], a weakly hybridiz-
ing band of uncertain origin was also detected at approxi-
mately 2.7 kbp in size (Fig. 4b); further studies are needed
to identify this RNA species. Unlike CavV [8] and NDiV
[9], no large RNA species (more than 10 kbp) derived from
DKNV mRNAL1 (for expressing ORFla and ORFlab pro-
teins) was detected in this study, which may because of the
difference in detection methods. We were also unable to
obtain evidence for the expression of DKNV mRNA4 by
northern blotting. This result is consistent with the 5'-
RACE analysis described above, indicating that ORF4
expression in mesoniviruses needs further validation.

Prediction of the RNA secondary structure around
the ORFla/b overlapping site

As has been observed in NDiV [9], the overlap region
between DKNV ORFla and ORFI1b contains a putative
‘slippery sequence (GGAUUUU)’ required for —1 ribo-
somal frameshifting (Fig. 5a). Accordingly, DKNV ORF1b
could only be translated as a fusion with the ORFla
product, resulting in the generation of two forms of repli-
case polyprotein, ppla and pplab. An RNA secondary
structure analysis predicted a pseudoknot structure located
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I L 1 1 1 l L 1 L L I L 1 1 1 1 1 1 L L l 1
0 5 10 15 20
(b)
mRNA1
} I l AAAAAA...
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Fig. 4 Genome organization and gene expression of DKNV.
(a) Schematic diagram of the organization of the DKNV genome.
Horizontal lines and rectangles indicate the viral genomic RNA and
the locations of ORFs arranged in three reading frames (—1, 0, +1),
respectively, relative to that of ORFla. Putative protein domains
encoded by ORFla/b are highlighted in gray. The predicted site of
RFS is indicated by a black dot. (b) Schematic representation of
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DKNYV gene expression. Horizontal lines and open boxes on the lines
indicate the DKNV mRNAs (mRNA1-4) and ORFs corresponding to
the positions shown in panel a, respectively. Two different leader
TRSs that regulate the expression of DKNV subgenomic mRNA?2 and
3 are shown in a gray-dotted box. Northern hybridization analysis
(bottom left) identified at least two bands that correspond to the
predicted sizes of subgenomic mRNA2 (upper) and mRNA3 (lower)
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Table 1 Sequence similarities in the six major ORFs of DKNV, CavV, and NDiV

ORF Predicted protein Amino acid number (frame) Predicted molecular mass ~ Similarity
(kDa)

DKNV CavV NDiV DKNV CavV NDiV DKNV-CavV DKNV-NDiV CavV-NDiV
la Polyprotein 1a 2537 (0) 2499 (0) 2503 (0) 292.5 288.0 2884 81.6 82.4 94.8
1b Polyprotein 1b 2587 (—1) 2589 (—1) 2589 (—1) 299.6 300.3  300.0 932 93.2 98.1
2a Spike protein 908 (+1) 900 (—1) 899 (—1) 103.8 103.0 102.7 87.6 90.0 91.5
2b Nucleocapsid protein 222 (0) 214 (+1) 212 (+1) 247 24.0 23.7 81.2 80.3 93.5
3a Glycoprotein 157 (—=1) 158 (+1) 158 (—1) 174 17.6 17.5 93.7 95.6 97.5
3b Matrix protein 116 (0) 116 (—=1) 116 (0) 13.9 14.0 13.9 85.3 88.0 94.0
immediately downstream of the slippery sequence  prominent band on SDS gels with a molecular mass of 77

(Fig. 5b).
Analysis of viral structural proteins

SDS-PAGE analysis showed that the DKNV virion was
composed of at least four major polypeptides with apparent
molecular masses of approximately 80, 55, 30, and 20 kDa
and several minor polypeptides with apparent molecular
masses of approximately 29, 28, and 16 kDa (tentatively
named p80, p55, p30, p20 for major bands, and p29, p28, and
p16 for minor bands, respectively) (Fig. 6a). As is the case
for NDiV [9], p30, p20, and p16 could be the protein products
encoded by ORF2b, ORF3a, and ORF3b, respectively. The
differences in relative protein amounts between p20 and p16
might be reflected by the translation efficiencies of ORF3a
and ORF3Db attributed to the position of each start codon on
mRNA3. The apparent molecular mass of the ORF2b prod-
uct (p30) was slightly larger than the mass calculated from
the aa sequence data (25 kDa), probably due to the slow
mobility on SDS gels attributable to its highly polar
arrangement of charged residues [38, 39].

In general, the spike glycoproteins of nidoviruses
undergo posttranslational processing during virion mor-
phogenesis [1]. The spike glycoprotein of NDiV, which has
been shown to be encoded by ORF2a, migrates as a single

Fig. 5 Predicted RFS element

(a)

kDa [9]. In DKNV, two different protein bands (p80 and
p58) seemed to be proteolytically processed forms of the
ORF2a product. The ProP program predicted a furin-type
cleavage site (prediction score +0.64 at position
209SQKRTKR WD) within DKNV ORF2a, which could
be involved in post-translational processing of the precur-
sor protein. To identify these two peptides and verify the
putative cleavage site, N-terminal amino acid sequence
analyses were conducted on three representative protein
bands: p80, p55, and p30. The p80 and p58 peptides had
different N-terminal sequences, both of which were enco-
ded within the ORF2a sequence (Fig. 6a), indicating that
these proteins could be generated through post-transla-
tional cleavages of a full-length ORF2a product. As poin-
ted out before, the first cleavage site was located just after a
hydrophobic stretch, ,,7PNVNC|STRID, whose cleavage
is probably mediated by signal peptidase (Fig. 6b).
The second cleavage site was located at residues
435sKRTKR|WDSSY, as predicted above, which is the
conserved motif recognized by furin-like proteases
(Fig. 6b) [40]. Overall, the nascent DKNV ORF2a poly-
peptide could be directed to the endoplasmic reticulum and
cleaved by signal peptidase and, in some circumstances,
further cleaved by a furin-like protease in the Golgi
complex to generate an N-terminally truncated spike

and RNA prseudoknot structure 7950 7960 7070 7980 UA A
in the DKNV genome. (a) The CCAGCCUAUGGAUUUTCCACUUGGGCGCGUUCU 3 u G
genomic nucleotide sequences : 2 { U_A C
(upper) and deduced amino acid P AY GF S TWAUR R S (@b C_. G
sequences (lower) of ORFla G- Ca c UN G
and ORF1b around their @ PMDFPLGRVL -G G AA
overlapping site. The deduced ’GG “U
amino acid sequence of DKNV C ,UU ~A
pplab is shaded. (b) A putative (b) G c-G
RNA pseudoknot structure U U A-U
immediately downstream of a 2 10 2 G A—C/
“slippery sequence GGAUUU CC&J MGCM UAR™
(GGAUUUU)” predicted using 1 2 3 U
the DotKnot program [18, 19] 3 40 50 UU

UAAGC AGGAAUAGUA AUGUUGCCCG GGAU

3

1

2 5
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Fig. 6 (a) SDS-PAGE and N-terminal sequencing analyses of DKNV
virion proteins. *The determined N-terminal aa sequences of p80 and
pS5 are shown in arrowhead-shaped boxes. **The N terminus of p30
could not be directly sequenced because of the presence of a blocked
N-terminal residue. (b) Cleavage sites in the precursor ORF2a
polypeptide. An arrow and an arrowhead represent the cleavage sites
of signal peptidase and furin-like proteases, respectively. (c) Predicted

glycoprotein (Fig. 6b). The two forms of putative spike
glycoproteins, named msS1 and msS2, share a common
C-terminus containing a TM region. The COILS [24] and
Paircoil2 [25] programs predicted that the region followed
by the putative furin cleavage site (that is, the msS2
domain) would have two coiled-coil structures (Fig. S2),
which correspond to features that are functionally impor-
tant for membrane fusion and entry of various viruses [e.g.,
41, 42]. The calculated molecular masses of msS1 and
msS2 are 77.9 kDa and 53.8 kDa, respectively, which are
slightly smaller than the masses inferred from SDS gels
(p80 and p58, respectively), probably due to lower elec-
trophoretic mobility attributable to N-linked glycosylation
(Fig. 6a, b), as is seen with other nidovirus spike glyco-
proteins [1]. In conclusion, the precursor DKNV ORF2a
peptide is posttranslationally processed by a signal pepti-
dase and/or a furin-like protease to express two types of
outer spike glycoproteins with a common C-terminus
(Fig. 6¢). On the other hand, the N-terminal sequence of
p30 could not be determined, probably because of a
blocked N-terminal residue (Fig. 6a). The two minor
polypeptides (p29 and p28) could not be subjected to
N-terminal sequencing because of insufficient amounts of
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topology of the two forms of DKNV spike glycoprotein, msS1 and
msS2. Cylinders and solid lines represent predicted transmembrane
domains and ectodomains, respectively. The precursor ORF2a
polypeptide is posttranslationally processed by signal peptidase to
yield msS1 and further processed by a furin-like protease to yield
msS2

the polypeptides recovered, and it remains unclear whether
the two polypeptides are incorporated into the DKNV
virion. These issues should be addressed in future studies.

Phylogenetic study

To evaluate the taxonomic status of DKNV among the
nidoviruses, we performed phylogenetic analysis based on
RdRp sequences [26, 27]. Multiple sequence alignment of
conserved motifs in nidovirus RdRp indicated that the
DKNV RdRp sequence was most similar to that of
members of the species Alphamesonivirus 1 (CavV and
NDiV) in the genus Alphamesonivirus of the family
Mesoniviridae [10], although there are some amino acid
differences in conserved domains A and C between
DNKV and members of Alphamesonivirus 1 (Fig. 7a).
The resulting Bayesian phylogenetic tree showed that
DKNV formed a clade with the viruses of Alphamesoni-
virus 1 (CavV and NDiV), clearly indicating that DKNV
is a new member of the family Mesoniviridae (Fig. 7b).
The topologies of NJ and ML trees were essentially the
same as that of a Bayesian tree (Fig. S3). However, it
should be noted that DKNV formed a separate branch
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from NDiV and CavV, which reflected the sequence
differences in domains A and C.

Discussion

In this study, we characterized an insect nidovirus,
DKNV, from mosquitoes of the species C. trit-
aeniorhynchus collected in the highlands of Vietnam.

(a)

DKNV shared many characteristics with CavV [8] and
NDiV [9], new members of the order Nidovirales that had
also been discovered recently in mosquitoes. At present,
these two nidoviruses are assigned to the same virus
species, Alphamesonivirus I, which is included in a new
family, Mesoniviridae, based on the genomic features that
are distinct from those of other known nidoviruses [10].
Our analyses confirm DKNV as a new member of the
family Mesoniviridae.

DKNV —-NHRDRTILAI  YAVLGGKDYPKWDRRIS  PGGVTSGNSRTADGNSLLHLLIDFYA  AKGTYLSDDGLLVED
mesoni | Npiv Ry - [P PR S i
CAVV R, - PR U I
. | Gav --KA-LRSIFIG  KSKWISQDYPKFDTCVD LHGVSSGDGATAIKNSHCNSVITNIA  SRCATLSDDTLAIIN
roni | yav e Bttt e, I.....
MHV-A59 —-KNRARTVAGV  SPVLMGWDYPKCDRAMP  PGGTSSGDATTAFANSVFNICQAVSA
SARS-TOR2 ==..evveenenn O Yeuerruunnnn T.
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corona | gcov .
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.| E LS.Y.I.S.... K=Y, T Eeviirnr eiinnniniannnn S SN L.T.. VRVYI....V..TTP
arteri | sarv LSAlieea... Kioowo N V..IA....... L.V.. AF ... I.LN.
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R
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(b) Arteriviridae . v Y
------------ J
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Fig. 7 Phylogenetic relationships between DKNV and other mem-
bers of the order Nidovirales. (a) Alignment of the deduced amino
acid sequences of the RdRp motif domains (F3, A, B, and C) [27, 28]
from DKNV and 19 nidoviruses. Family or subfamily names of the
viruses are indicated on the left side of the alignment. (b) The tree
was constructed from the posterior distribution of trees generated by
Bayesian MCMC coalescent analysis. Family or subfamily names are
indicated in boldface type, and the viruses in the same families are
circled. Posterior probabilities (on a scale from O to 1) are indicated
above the branches. The scale bar represents the number of
substitutions per site. Abbreviations of nidoviruses and sequence
accession numbers are as follows: BCoV, bovine coronavirus ENT
(NC_003045); BToV, bovine torovirus Bredal (AY427798); EAV,

Mesoniviridae

® . Coronavirinae 0.1

equine arteritis virus Bucyrus (NC_002532); ECoV, equine corona-
virus NC99 (NC_010327); EToV, equine torovirus Berne (X52374);
GAV, gill-associated virus (NC_010306); HCoV-229E, human coro-
navirus 229E (NC_002645); HCoV-NL63, human coronavirus NL63
(NC_005831); IBV, infectious bronchitis virus Arkansas Vaccine
(GQ504721); LDV, lactate dehydrogenase-elevating virus Plagemann
(NC_001639); HHV, murine hepatitis virus AS9 (AY700211); PEDV,
porcine epidemic diarrhea virus CV777 (NC_003436); PRRSV,
porcine respiratory and reproductive syndrome virus (NC_001961);
SARS, SARS coronavirus Tor2 (NC_004718); SHFV, simian hem-
orrhagic fever virus LVR 42-0/M6941 (AF180391); WBYV, white
bream virus DF24/00 (NC_008516); YHV, yellow head virus
Chachoengsao 1998 (EU487200)
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Although these three nidoviruses share significant sim-
ilarities in genome organization, DKNV showed subtle but
significant differences from CavV and NDiV at the
nucleotide and amino acid sequence levels. Amino acid
sequence identities and similarities of six major ORFs
(ORFla, 1b, 2a, 2b, 3a, and 3b) among the three viruses
suggested that CavV and NDiV are more closely related to
each other than to DKNV (Table 1). In addition, the
DKNV ORFla protein was found to contain a 55-aa
insertion (319K to 374G) and a 22-aa deletion (;700V to
17215) compared with CavV and NDiV (Fig. S4). As a
result, excluding the poly(A) tail, the genome of DKNV
(20,256 bp) is slightly longer than those of CavV (20,108
bp) and NDiV (20,124 bp). The genomes of members of
Alphamesonivirus 1 have been reported to contain six
conserved active domains characteristic of nidoviruses
— 3CL, RdRp, Zm-HEL, EXON, N-MT, and O-MT [10]
— and such domains were also conserved in DKNV gen-
ome, sharing 75.8-89.5 % sequence identity with those of
CavV and NDiV (Fig. S5). 5'-RACE analysis of the DKNV
subgenomic RNAs identified two leader TRSs in the
5'-UTR of its genomic RNA (Fig. 4b). The DKNV TRS for
subgenomic mRNA?2 was almost identical to those of CavV
and NDiV (Fig. S6). On the other hand, the DKNV TRS for
subgenomic mRNA3 was identical to that of NDiV but not
to CavV. Despite showing this partial discordance in TRSs,
these three mesonidoviruses could use the same or a highly
similar mechanism controlling the synthesis of 3’-coter-
minal subgenomic mRNAs. In conclusion, DKNV is
deemed to be a new strain of the species Alphamesonivirus
1, and the current study provides further understanding of
the viruses of the family Mesoniviridae.

This work has demonstrated that the mesonivirus
ORF2a product undergoes posttranslational processing.
The polypeptide encoded by the DKNV ORF2a is trans-
lated as a precursor polyprotein and is proteolytically
processed into two forms of spike glycoprotein, msS1 and
msS2, which share a common C-terminus containing two
putative heptad repeat regions and a hydrophobic TM
domain (Fig. 6 and Fig. S2). N-terminal sequencing of the
virion structural proteins identified the two cleavage sites
in the DKNV ORF2a polypeptide, ,,,PNVNC |STRID and
43sKRTKR|WDSSY, which are probably cleaved by a
signal peptidase and a furin-like protease, respectively. A
similar pattern of spike glycoprotein precursor processing
is found in other nidoviruses. The spike glycoprotein pre-
cursors of many coronaviruses have a signal peptide at the
N-terminus and a TM domain at the C-terminus and, with
few exceptions, become proteolytically cleaved by furin or
a furin-like protease at a multibasic motif (often RRXRR|)
into two subunits [43, 44]. The spike glycoproteins of fish-
infecting coronaviruses (genus Bafinivirus) possess a
putative furin cleavage site at the motif R-X-K/R-R| [4].
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The okavirus precursor glycoprotein contains a signal-
peptide-like sequence close to the N-terminus, a proteolytic
cleavage site, and a C-terminal TM domain. In this case,
the second cleavage is probably mediated by signal pepti-
dase, not a furin-like protease, just after the fifth TM
domain close to the C-terminal side [45]. Interestingly, the
ORF2a sequences of both NDiV and CavV also contain a
putative furin-like cleavage motif (4,cKRNKR for CavV
and 4sKRSKR for NDiV) that is similar to the motif
identified in DKNV ORF2a (43sKRTKR ), suggesting that
the spike glycoprotein precursors of NDiV and CavV could
also undergo post-translational processing. The two hypo-
thetical spike glycoproteins of DKNV, msS1 (p80) and
msS2 (p55), showed almost the same band intensity on
SDS-PAGE (Fig. 6a), suggesting that the two forms of
spike glycoproteins might be exposed on the virion surface
in an approximately equal molar ratio.

The DKNV ORF2b was predicted to encode a nuclep-
capsid protein because of its highly basicity and hydro-
philicity (Fig. S1). In SARS-CoV, the nucleocapsid protein
consists of two independent structural domains, an N-ter-
minal RNA-binding domain and a C-terminal dimerization
domain [46]. The ANCHOR server predicted that the
putative nucleocapsid protein of DKNV possesses multiple
disordered protein-binding regions in the N-terminal half
and an ordered domain in the C-terminal half (Fig. S7).
This predicted order/disorder pattern is very similar to
those of the nucleocapsid proteins of CavV and NDiV.
Interestingly, the amino acid sequence of the C-terminal
half of the nucleocapsid protein is highly conserved among
the three mesoniviruses (DKNV, CavV, and NDiV), in
contrast to that of the N-terminal half (data not shown),
implying that the C-terminal domain of mesonivirus
nucleocapsid protein might be involved in RNA binding. In
gill-associated virus (genus Okavirus, family Roniviridae),
the RNA-binding domain of the nucleocapsid protein is
located in its N-terminal region, which contains a proline/
arginine-rich stretch [47]. Contrary to expectations, such a
remarkable proline/basic residue-rich stretch was not found
in any mesonivirus nucleocapsid proteins. Further studies
are needed to elucidate the structural interaction between
viral RNA and nucleocapsid protein in mesoniviruses.

DKNYV could not replicate in the cultured vertebrate
cells tested (Fig. 3), suggesting that DKNV is unlikely to
be an infectious agent in vertebrate animals. In contrast,
DKNV grew in all cultured mosquito cells tested. Inter-
estingly, DKNV grew to high titers in two A. albopictus
cell lines but grew poorly in a cell line derived from C.
tritaeniorhynchus, which is the species from which DKNV
was isolated. Suppressed and noncytopathic growth of
DKNV in Culex mosquito cells suggests that in nature,
DKNYV establishes a latent infection in Culex mosquitoes
as a natural reservoir host. Like DKNV, both CavV and
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NDiV were isolated from Culex mosquitoes, although
CavV has also been isolated from Aedes mosquitoes.
Recently, some flaviviruses associated with mosquitoes
have been shown to be maintained in the natural population
of mosquitoes by vertical transmission in both sexes [48,
49]. Is DKNV also maintained in the mosquito population
by vertical transmission in nature? Zirkel et al. [8] sug-
gested the presence of amplifying vertebrate hosts in the
CavV infection cycle in nature because there was no evi-
dence of CavV infection in male mosquitoes. To clarify
how mesoniviruses are maintained in nature, more infor-
mation about their host range, virulence, and tissue tropism
should be gathered.

A new field of study, the new virus family Mesoniviri-
dae, has just been opened up by the discoveries of CavV
and NDiV. New information about the mesoniviruses
themselves and related isolates, including DKNV, will
make meaningful contributions not only to the ecological
impact on mosquito populations, possibility for biological
control of mosquitoes, and the evolutionary aspects of
nidoviruses but also to the prevention of infection or
antiviral drug development for nidovirus diseases of
humans and animals.
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