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Preface to “Recent Progress in Bunyavirus Research”

Over the last 25 years, scientific and public attention to bunyaviruses has grown considerably.
There have been an increasing number of reports on new emerging bunyaviruses and infection episodes,
including those causing Crimean—Congo hemorrhagic fever, Rift Valley fever, and severe fever with
thrombocytopenia syndrome in humans, but also the Schmallenberg virus that infects cattle in Europe.
With over 350 isolates distributed worldwide, the Bunyaviridae is the largest family of RNA viruses and is
grouped into five genera, namely Hantavirus, Orthobunyavirus, Nairovirus, Tospovirus, and Phlebovirus. The
genome of bunyaviruses contains three negative-sense, single-stranded RNA segments that encode a total
of five to six proteins. Many bunyaviruses, which are carried and transmitted by either arthropods or
rodents, are significant human or domestic animal pathogens. With international trade, travel, and
climate change favoring the spread of vectors to new areas, bunyaviruses are emerging and re-emerging
agents of disease that represent a global threat for agricultural productivity and public health.

Thus far, only a limited number of bunyaviruses have been investigated, with most of the available
information coming from studies of a sprinkling of isolates. However, it is apparent that there is a wide
variety of isolates, vectors, hosts, diseases, and geographical distributions. This diversity is also
manifested at the genetic, cellular and molecular levels, as substantial differences are observed in the
genomic organization, virion structure and architecture, transmission, tropism, host recognition, and cell
entry mechanisms. However, the bunyavirus field has witnessed many exciting new findings and
breakthroughs in recent years. These discoveries span a wide spectrum of research areas, which we intend
to highlight in this book through several reviews and original research articles.

Briefly, genome-based analysis of Nairo- and Orthobunyavirus by Kuhn et al. and the group of
Sergei Alkhovsky have led to the identification of new viruses and shed light on the phylogenetic
lineages within these genera. The work by Wilson and colleagues on calf infection by Rift Valley fever
virus (RVFV) opens larger perspectives for future investigations in vivo. The new molecular insights into
the endonuclease activity of the hantavirus polymerase L from the study by Rothenberger et al. improve
our understanding of hantavirus replication. Furthermore, different steps of the bunyavirus life cycle are
documented here with, for instance, research on the role of N-glycans in the RVFV glycoprotein Gy
expression, and also, in the RVFV infection via the receptor DC-SIGN (Phoenix et al.).

All of these new findings are further discussed through several thorough reviews, covering many
topics such as the different hosts of hantaviruses (Ermonval et al.), the nairovirus Crimean Hemorrhagic
Congo (Zivcec et al.), the molecular interplay between bunyaviruses and innate immunity (Wuerth et al.),
the early bunyavirus-host cell interactions (Albornoz et al.), and the role of viral glycoproteins in viral
entry, assembly, and release (Spiegel et al.). The review by Riblett and Doms, which discusses high-
throughput screening approaches and the hundreds of cellular factors with a potential role in the
bunyavirus life cycle, perfectly illustrates the recent research achievements made in the field.

Lastly, we would like to thank all contributing authors for their participation. Without their hard
work, this book would have not been possible. We are also indebted to Dr. Delphine Guérin, who is the
Viruses Managing Editor, for her patience and help along the way. Through collective efforts, we hope this
book will provide the bunyavirus field an informed perspective of future research directions and also
stimulate research in some of the understudied areas.

Pierre-Yves Lozach and Jane Tao
Guest Editors
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In the last 25 years, the scientific and public attention paid to bunyaviruses has increased
considerably. This has many reasons (one of them being that new family members are constantly
emerging) and many drivers, but there was one man whose name will be forever connected with the
Bunyaviridae family. Richard M. Elliott passed away in 2015 at the age of 61. With his unstoppable
enthusiasm, strong vision, perseverance, and his keen interest in almost every aspect of bunyavirus
replication, he greatly contributed to the progress in the field [1]. While his most prominent
achievement may be the first rescue of a segmented negative-strand RNA virus (the type species
Bunyamwera) from plasmid cDNA, he also studied glycoprotein processing, particle assembly,
anti-interferon mechanisms, phylogeny, vaccine development and host cell factors. Yes, these are
the main topics of this special issue of Viruses, and Richard could have chosen any of them to write
a competent review himself. Lamentably, this is not possible any more, but we will always remember
the man who helped to foster so much of the past research and train the next generation of scientists
studying the “Cinderellas of virology” (in his own words) which in reality constitute one of the biggest
virus families ever known.
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Abstract: Nairovirus, one of five bunyaviral genera, includes seven species. Genomic sequence
information is limited for members of the Dera Ghazi Khan, Hughes, Qalyub, Sakhalin, and Thiafora nairovirus
species. We used next-generation sequencing and historical virus-culture samples to determine
14 complete and nine coding-complete nairoviral genome sequences to further characterize these
species. Previously unsequenced viruses include Abu Mina, Clo Mor, Great Saltee, Hughes, Raza,
Sakhalin, Soldado, and Tillamook viruses. In addition, we present genomic sequence information on
additional isolates of previously sequenced Avalon, Dugbe, Sapphire II, and Zirqa viruses. Finally,
we identify Tunis virus, previously thought to be a phlebovirus, as an isolate of Abu Hammad virus.
Phylogenetic analyses indicate the need for reassignment of Sapphire II virus to Dera Ghazi Khan nairovirus
and reassignment of Hazara, Tofla, and Nairobi sheep disease viruses to novel species. We also
propose new species for the Kasokero group (Kasokero, Leopards Hill, Yogue viruses), the Ketarah
group (Gossas, Issyk-kul, Keterah/soft tick viruses) and the Burana group (Weénzhou tick virus,
Huéngpf tick virus 1, Tachéng tick virus 1). Our analyses emphasize the sister relationship of
nairoviruses and arenaviruses, and indicate that several nairo-like viruses (Shayang spider virus 1,
Xinzhou spider virus, Sanxid water strider virus 1, South Bay virus, Withan millipede virus 2) require
establishment of novel genera in a larger nairovirus-arenavirus supergroup.

Keywords: Bunyaviridae; bunyavirus; nairovirus; Dera Ghazi Khan virus; Erve virus; Ganjam virus;
Hughes virus; Qalyub virus; Sakhalin virus; Tunis virus; virus classification; virus taxonomy

1. Introduction

With over 530 members, Bunyaviridae is one of the largest virus families [1]. Bunyaviruses are
characterized by single-stranded RNA genomes that typically consist of separate small (S), medium (M),
and large (L) segments, all of which have complementary 3" and 5" termini. Most bunyavirus genomes

Viruses 2016, 8, 164 2 www.mdpi.com/journal/viruses



Viruses 2016, 8, 164

are of negative polarity, but some viruses use ambisense strategies to express their proteins [1,2]. The
S, M, and L segments encode the structural nucleoprotein (NP), glycoprotein precursor (GPC), and
RNA-dependent RNA polymerase (L) proteins, respectively [1]. Nonstructural proteins are encoded
by several, but not all bunyaviruses, by either the S or M or by both S and M segments. Bunyavirions
enter host cells by engaging cell-surface receptors with their glycoproteins followed by endocytosis
and release of genomes. The viruses typically replicate in the cytosol of infected cells and produce
progeny virions that bud from cellular membranes derived from the Golgi apparatus via exocytosis [3].

The family Bunyaviridae currently includes five recognized genera: Hantavirus, Nairovirus,
Orthobunyavirus, Phlebovirus, and Tospovirus [1]. Family members have been assigned to these
genera, and within genera to species, based primarily on serological cross-reactions, characteristic
genus-specific genome segment termini sequences, host association (invertebrates, vertebrates or
plants), transmission pathways (arthropod-borne versus vertebrate excreta-driven) and, until recently,
very limited genomic sequence information [1].

The genus Nairovirus includes seven species that are accepted by the International Committee
on Taxonomy of Viruses (ICTV) [1]. Most of these species have several distinct members, all of
which are either maintained in arthropods or transmitted by ticks among bats, birds, eulipotyphla, or
rodents. The most important nairovirus with public-health impact is the tick-borne Crimean-Congo
hemorrhagic fever virus (CCHFV), which causes a frequently lethal viral hemorrhagic fever in Western
Asia, the Balkans, Southern Europe, and most of Africa [3]. The most important nairoviruses of
veterinary importance are the tick-borne Nairobi sheep disease and Ganjam viruses (NSDV and GANY,
respectively), which are known to cause lethal hemorrhagic gastroenteritis in small ruminants in Africa
and India [4].

The typical nairovirus genome is approximately 18.8 kb in length (S: ~1.7 kb; M: ~4.9 kb;
L: ~12.2 kb) and characterized by the genus-specific 3 segment terminus AGAGUUUCU and
5 segment terminus AGAAACUCU. Classical nairovirions are enveloped spheres (80-120 nm in
diameter) spiked with heterodimeric glycoprotein projections consisting of the cleavage products of
the glycoprotein precursor (Gn and Gc) [3].

Next-generation sequencing followed by coding-complete or complete genomic sequence
assembly (see [5] for sequencing nomenclature) is increasingly used to classify previously
uncharacterized phleboviruses [6-14] and orthobunyaviruses [15-21] and to characterize novel
bunyavirus clades, such as “goukoviruses,” “herbeviruses,” “phasmaviruses,” and the Ferak and
Jonchet virus groups [22-24]. Several unclassified bunyaviruses and viruses assigned to bunyaviral
genera other than Nairovirus have been identified as bona fide nairoviruses [25-34]. At least one
classified nairovirus was identified as an actual phlebovirus [14]. Novel nairoviruses have been
discovered in bats [25,27,29,35,36], and in arachnids, millipedes, and water striders [37-40]. Even more
interestingly, at least two nairo-like viruses with only bisegmented genomes have been reported [37,41].
Shortly before this manuscript was submitted, Walker et al. reported the coding-complete sequences of
11 nairoviruses (Abu Hammad virus (AHV), Avalon virus (AVAV), Bandia virus (BDAV), Dera Ghazi
Khan virus (DGKYV), Erve virus (ERVEV), Farallon virus (FARV), GANYV, Punta Salinas virus (PSV),
Qalyub virus (QYBV), Taggert virus (TAGV), and Zirqa virus (ZIRV)) [42]. An overview of all viruses
currently thought to be nairoviruses or nairo like-viruses, and their relationships based on data prior
to this study are provided in Table S1.

As is evident from the table, genomic sequence information for nairoviruses is still limited. Here
we report either the coding-complete or complete genomic sequences of 23 nairoviruses (Table 1). Ten
of these sequences have also been determined by Walker et al. [42]. Four of the 23 sequences are for
novel strains of previously sequenced nairoviruses. Nine of the 23 sequences are new from previously
unsequenced viruses. We extended 14 sequences to include all of the 3 and 5’ genome segment termini.
Our subsequent phylogenetic analyses indicate a number of changes in the organization of nairoviruses.
At least five new nairovirus species ought to be established. GANV should be considered an isolate of
NSDV, and soft tick bunyavirus should be considered an isolate of Keterah virus (KRTV). Tunis virus
(TUNV), which was serologically identified as a phlebovirus, is an isolate of AHV in the Dera Ghazi
Khan nairovirus species. At least seven nairo-like viruses should be classified into novel genera, and
these genera and all nairoviruses are more closely related to arenaviruses than to other bunyaviruses.
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2. Materials and Methods

2.1. Viruses

The viruses used in this study were obtained from the World Reference Center for Emerging
Viruses and Arboviruses at the University of Texas Medical Branch, Galveston, TX, USA. All of these
viruses have been described before. Table 1 provides specifics about the viruses and GenBank accession
numbers for all newly sequenced and re-sequenced viruses.

2.2. Genome Sequencing

Viral stocks were obtained in TRIzol LS (Invitrogen, Carlsbad, CA, USA), and RNAs were
extracted using the Direct-zol™ RNA MiniPrep kit (Zymo, Irvine, CA, USA). RNAs were converted
to cDNAs and amplified using sequence-independent single primer amplification as described
previously [65] with some modifications to resolve the 5 and 3 ends. An oligonucleotide
containing three ribonucleotides (rGTP) at the 3" end (GCCGGAGCTCTGCAGATATCGGCCATTAT
GGCCrGrGrG) and the FR40RV-T primer [65] were added during first-strand cDNA synthesis.
The reverse transcriptase was changed to Maxima H Minus reverse transcriptase (Thermo Fisher
Scientific, Waltham, MA, USA), which has terminal transferase activity that adds the rGTP-containing
oligonucleotide to the 5 end during cDNA synthesis. <cDNA was sheared to ~400 bp in length
and used as starting material for creation of Illumina TRUseq DNA libraries. Sequencing was
performed on either an Illumina MiSeq or NextSeq desktop sequencer using 300-cycle kits (2 x 150).
Open-source Cutadapt [66] and Prinseq-lite [67] were used to trim primers and remove poor quality
reads, respectively. Reads were assembled into contigs using open-source Ray Meta [68]. Annotation
was determined using basic local alignment search tool (BLAST) in combination with custom scripts.
Contigs related to nairovirus sequences were used as references.

2.3. Phylogenetic Analysis

A set of nairovirus sequences (252 for the N gene of the S segment, 111 for the M segment, and 93
for the L segment) comprising the majority of the nucleotide (nt) sequences from GenBank available
on 1 March 2016, were aligned using the CLUSTAL algorithm. Because the nairovirus sequences of
all analyzed nairoviruses were so different that the alignment reached substitution saturation (no
detection of signal), alignments were instead implemented at the amino acid (aa) level (using MEGA
Version 5 [69]). Non-coding regions of S segments therefore had to be excluded. Additional manual
editing was performed to ensure the highest possible quality of alignments. Neighbor-joining (NJ)
analysis at the aa level was performed due to the observed high variability of the underlying nt
sequences. The statistical significance of tree topology was evaluated by bootstrap re-sampling of the
sequences 1000 times. Phylogenetic analyses were performed using MEGA Version 5.

2.4. Detection of Reassortant Events

Systematic screening for the presence of recombination patterns was pursued by using the nt
alignments and the Recombination Detection Program (RDP [70]), Bootscan [71], maximum chi-square
(MaxChi) [72], Chimaera [73], Likelihood Analysis of Recombination in DNA (LARD) [74], and Phylip
Plot [75].

2.5. Sequence Analysis

Geneious 4.8.3 (Biomatters Inc., Newark, NJ, USA) was used for sequence assembly and
analysis. Topology, sizes, and targeting predictions were generated by employing SignalP 4.1,
NetOGlyc 4.0, NetNGlyc 1.0, Prop 1.0, tied mixture hidden Markov model (TMHMM) 2.0 [76],
SnapGene Viewer 2.82 [77], the web-based version of TopPred2 [78], and integrated predictions in
Geneious [79-83].
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3. Results

3.1. Genomic Characterization and Phylogenetic Analysis

Consistent with the genomic organization characteristic for already sequenced nairoviral genomes,
each of the 23 viral genomes sequenced during this study is comprised of three RNA segments
including (a) a small (S) segment encoding the NP and, in an ambisense orientation, a non-structural
protein (NSs); (b) a medium (M) segment encoding a GPC; and (c) a large (L) segment encoding
an RNA-dependent RNA polymerase. Fourteen nairovirus genomes were completely characterized.
The 3 terminal sequences were obtained for 57 segments, and the 5" terminal sequences were obtained
for 51 segments (Table 1). For most of the viral genomes sequenced in this study, the nine most
terminal nucleotides of each segment were identical to those previously reported for nairoviruses
(3’ segment terminus AGAGUUUCU and 5  segment terminus AGAAACUCU) [1,3]. However, the
Abu Hammad virus (AHV), Abu Mina virus (AMV), Dera Ghazi Khan virus (DGKV), Sapphire II virus
(SAPV), and Tunis virus (TUNV) genome segments have termini that differ by one nt (AGAGUUUCA
and TGAAACUCU). Likewise, the Qalyub virus (QYBV) genomic segments termini differ from the
consensus sequences by one nt (AGAGAUUCU and AGAATCUCU).The results of phylogenetic
analyses of the newly obtained L, M, and S segment sequences are shown in Figures 1-3.

The phylogenetic placement of the newly sequenced viruses is largely consistent with their
previous serological classification, including recent amendments [42] (Table S1). However, Hazara
virus (HAZV) and Tofla virus (TOFV) clustered with each other but not with CCHFV and, therefore,
should not be classified in the species Crimean-Congo hemorrhagic fever nairovirus. Likewise, both Kupe
virus (KUPEV) and Nairobi sheep disease virus (NSDV) did not cluster with Dugbe virus (DUGV), and,
therefore, should be removed from the species Dugbe nairovirus and re-assigned to new species (here
proposed as “Hazara nairovirus” (HAZV, TOFV)) and “Nairobi sheep disease virus” (NSDV), respectively).
Ganjam virus (GANV) is clearly identified as an isolate of NSDV. Our analysis confirm that Leopards
Hill virus (LPHV), Kasokero virus (KAS(O)V), and Yogue virus (YOGV) form a novel nairovirus
genogroup (proposed species “Kasokero nairovirus”), as do Keterah virus (KRTV) and Issyk-kul virus
(ISKV) (proposed species “Keterah virus”) [29,42]. The recently described soft tick bunyavirus [38] is
identified as an isolate of KRTV. Genetic characterization of TUNV clearly demonstrates that this virus
is a nairovirus and not a phlebovirus as previously described by serological analysis [63]. The TUNV
genome represents an isolate of AHYV, indicating necessary classification into the species Dera Ghazi
Khan nairovirus. Another new species, proposed to be named “Burana nairovirus” should be established
for Wénzhou tick virus, Hudngpf tick virus 1, and Tachéng tick virus 1. Finally, the phylogenetic
trees demonstrate that several nairo-like viruses with three (Shayang spider virus 1, Xinzhou spider
virus (XSV), Sanxid water strider virus 1 (SWSV-1), South Bay virus (SBV)) or two genomic segments
(SBV, Withan millipede virus 2) should not be classified in the genus Nairovirus.

Although genomic segment reassortment has been found very frequently among CCHFV strains
and lineages [84-88], we were unable to detect any instance of reassortment among the other
nairoviruses using RDP, Bootscan, MaxChi, LARD and Phylip Plot. Phylogenetic incongruence
was only detected in the case of HAZV: whereas the HAZV M and N open reading frames (ORFs)
cluster together with those of NSDV /KUPEV, the HAZV L ORF does not. However, given the genetic
distance between these sequences, whether this distance is the result of reassortment or saturation of
the phylogenetic signal is not clear.
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Figure 1. Phylogenetic analysis of nairovirus and nairo-like virus S segment N gene sequences,
including newly determined virus sequences (red dots), newly determined virus isolate sequences
(orange dots), re-sequenced genomes (blue dots), and re-sequenced genomes with genomic termini
determined for the first time (green dots). Sequences marked with black dots correspond to partial
sequences. Nairovirus sequences comprise all partial or complete sequences from GenBank available
on 1 March 2016. Proposed new taxa are highlighted in red and placed in quotation marks.
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Figure 2. Phylogenetic analysis of nairovirus and nairo-like virus M segment sequences. Analysis was

performed as outlined for Figure 1.
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Figure 3. Phylogenetic analysis of nairovirus and nairo-like virus L segment sequences. Analysis was
performed as outlined for Figure 1.

3.2. Open Reading Frames

3.2.1. Small (S) Segment—Nucleocapsid Protein

Nairoviral NPs may recognize specific nairoviral RNA sequences, bind non-specifically to
single-stranded RNA, and form the ribonucleoprotein (RNP) complex [89-94]. The structure of NP has
been determined for CCHFV, ERVEV, HAZYV, and KUPEV [89,92-94]. All nairovirus NPs assume a
racket-shaped structure with distinct “head” and “stalk” domains that are typical for bunyaviruses
and unique among other negative-sense single-stranded RNA viruses.

In the case of CCHFV NP, two positively charged regions are responsible for RNA binding [92].
One region forms a large positively charged crevice (residues K339, K343, K346, R384, K411, H453, and
Q457), of which two residues contribute to a conserved nairovirus motif (EHys3(L/M), (L/F)HQys7).
The other region is delineated by residues R134, R140, and Q468. The CCHFV NP stalk region

10
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also contains a positively charged region consisting of residues R195, H197, K222, R225, R282,
and R286. Only three of the positively charged residues (R134, K222 and K343) are absolutely
conserved among all nairovirus NPs, although most of the substitutions observed maintain the
overall hydrophobicity profile.

CCHFV NP interacts with the antiviral defense factor MxA [95] and the apoptosis mediator
caspase-3 [96]. Thus, we expected some degree of conservation of the NP areas mediating those
functions. Using a CCHFV minireplicon system [89], three separate NP residues (K132, Q300, and
K411) were identified to be essential for replicon activity, and mutation of another two residues (K90
and H456) resulted in significantly reduced NP functionality. However, only H456 and Q300 are
completely conserved among nairovirus NPs.

Because protein structure is evolutionarily conserved to a higher degree compared to the primary
aa sequence, we used homology modeling principles and techniques to identify conserved structures
among nairovirus proteins. We used the Phyre2 (Protein homology/analogy recognition engine) server
to model the structure of the proteins and to align remotely related sequences based on hidden Markov
models (HMMs) (Figure 4).
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Figure 4. Nairoviral nucleoproteins (NPs) similarity plot comparing typical features of nairoviral
NPs. The NP sequence of Crimean-Congo hemorrhagic fever virus (CCHFV) is taken as the reference
sequence. Ovals in orange and blue highlight two regions responsible for RNA binding.

In addition, upon identification of a conserved nairovirus protein structure, we performed
mutational sensitivity analysis using the Disease-Susceptibility-based SAV Phenotype Prediction
(SuSPect) tool [97], to predict whether missense mutations in a nairovirus protein are likely to
functionally affect structure.

Finally, the mutational sensitivity score was plotted for each position against the average percent
identity for that position in the nairovirus protein alignment. We assumed that if a mutation would

11
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have an influence on the structure of a conserved domain, the frequency of that mutation would
be diminished. In summary, we expected that the positions with a higher score in the mutational
sensitivity analysis should directly correlate with positions of higher conservation. The validity
of this approach was tested initially with nairovirus NP sequences (Figure 5A,B). As expected, all
nairovirus NPs were found to be structurally homologous to CCHFV NP, and the positional analysis
revealed a direct correlation between positions of high mutational sensitivity with those of high identity
(Figure 5A).
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Figure 5. Mutational Sensitivity Analysis. The mutational sensitivity number score for each nairovirus
NP amino-acid position (SuSPect) was plotted against the percent identity for that position in the
nairovirus NP protein sequence alignment. (A) Full-length nairovirus NP; (B) myosin-4 motor
protein-like NP domain; (C) ovarian tumor (OTU) domain of nairovirus L.

Interestingly, we identified two other nairovirus NP domains that were structurally similar to
other known, non-viral structures. The first domain, at approximate position 150-200 of the nairovirus
alignment, is similar to the globular tail of myosin-4 motor protein (type V myosin; confidence 60%;
Protein Data Bank (PDB) ID: 3mmi). Myosin-4 motor protein is a monomeric myosin with motility
uniquely adapted to transport mRNA [98]. Interestingly, SuSPect analysis suggested that the domain
was sensitive to aa changes (Figure 5B). The second domain, located at the C-terminal NP domain
(approximately at positions 460—481), is similar to the structures of the cholesterol-binding toxins
intermedilysin (confidence 35%; PDB: 1s3r), perfringolysin (PDB: 1pfo) and pneumolysin (PDB: 4qqq),
but SuSPect analysis did not show mutational sensitivity at these positions (data not shown).

3.2.2. Medium (M) Segment—Glycoprotein Precursor

ORF analysis of 36 sequenced nairovirus M segments generally yielded single unit
polyprotein-encoding ORFs in each case (two units in the case of “Burana nairovirus” M segments). The
predicted masses of the encoded unmodified polyproteins, the GPCs, ranged from 143 kDa (Thiafora
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virus (TFAV)) to 187 kDa (CCHEFV). Each nairovirus polyprotein was approximated, via software
modeling, to contain a signal peptide at the N-terminus. Experimental evidence garnered from CCHFV
GPC processing [99-101] was used for functional element assignment in predicted nairovirus GPCs.
Cleavage motifs for signal peptidases, furin (RSKR), subtilase SKI-I/S1P-like (RRLL and RKLL), and
an unknown convertase that cleaves at the aa sequence RKPL, are highly conserved across CCHFV
isolates and are critical post-translational motifs in the viral lifecycle [99-102]. Interestingly, the RSKR
motif appears to be unique to CCHFV. The RKLL motif for SKI-I/S1P protease is conserved among
nairovirus GPCs and is found in most members of all established and putative nairoviruses except in
AVAV, DUGYV, ERVEYV, KAS(O)V, KUPEV, NSDV/GANYV, and YOGV. The RKLL motif is not confined
to any specific region/domain and occurs throughout the nairovirus GPCs—in some instances more
than once (e.g., DUGV and members of Qalyub nairovirus and “Keterah nairovirus”). The RRLL motif is
the second most prevalent cleavage site with the exception of viruses belonging to “Keterah nairovirus”
and Qalyub nairovirus, which do not contain the motif. The RKPL and RRLL motifs are also conserved
across nairoviruses of many species.

Using the four cleavage motifs (RSKR, RKPL, RRLL, RKLL), the nairovirus GPs stemming from
GPC processing were predicted and annotated numerically, starting at the N-termini and depicted as
colored arrows (Figure 6). We predicted the synthesis of two to five GPs depending on the examined
nairovirus (Table S2 and Figure 6). To further explore GPC processing phenotypes, proprotein
convertase prediction software was used to identify additional cleavage patterns. The most prevalent
motifs predicted with a high degree of probability to mediate post-translation cleavage along the GPC
were R-X-X-L, G-X-X-R, Q-X-X-C, and R-X-X-K, (data not shown and Figure 6). Other predicted motifs
(with varying degrees of probability) are shown in sky blue and pink boxes within Figure 6.

Other post-translational modifications, such as, N- and O-linked glycosylations, were predicted for
all analyzed nairoviruses using software modeling (NetOGlyc 4.0, NetNGlyc 1.0). Averages of N-linked
glycosylation sites between viruses of different species ranged from seven to twenty sites along
polyproteins. The most N-linked glycosylations were found for members of the “Keterah nairovirus”
and Sakhalin nairovirus species, whereas the members of the Dugbe and Hazara nairovirus species had
the fewest. The extent of nairovirus glycoprotein O-linked glycosylation ranged from four to over
130 sites (Table S2). The fewest O-glycans were predicted for members of the Hughes nairovirus and
Dera Ghazi Khan nairovirus species, ranging from four to 17 sites. Intermediate O-linked glycosylation
was predicted for Hazara, Dugbe, Qalyub, Sakhalin, and Thiafora nairovirus species members, with
averages that ranged from 29 to 48 sites. The highest number of O-glycans (100 and 135 sites,
respectively), were predicted for viruses of the Crimean-Congo hemorrhagic fever nairovirus and
“Keterah nairovirus” species. Relatively few sites were predicted towards the C-termini of nairovirus
GPC, with the exception of the “Keterah nairovirus” species members, which were predicted to contain
a small cluster of O-linked sites between residues 994 and 1033.

Heavily O-glycosylated GPCs were typically characterized by site clustering towards the
N-termini. O-glycosylated members of the Dugbe, “Keterah,” and Qalyub nairovirus species contain
RKPL and RKLL proteolytic motifs in these areas. If used by proteases, these motifs could mediate
the production of separate, stand-alone peptides that are O-glycosylated. Such peptides have been
identified in the cases of CCHFV and DUGV as mucin-like domains (MLDs) [103]. Additionally, viruses
of the “Leopards Hill nairovirus” species encode GPC with shorter regions of O-linked glycosylation
clustered towards the N-termini in the vicinity of predicted proteolytic cleavage sites. Of nairovirus
genus members containing regions of O-glycosylation/MLDs, unmodified averaged masses ranged
from eight to 37 kDa. Notably, of the GPC of seven viruses belonging to the Hughes nairovirus species,
none were predicted to be O-glycosylated.
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Figure 6. Nairovirus M segment-encoded polyprotein features and annotations. Type virus
glycoprotein precursors (GPC) are represented for each species as black arrows. Putative glycoproteins
(GP) are designated based on experimentally proven cleavages of CCHFV GPC (indicated in grey boxes
separating glycoproteins). GPs are designated as colored arrows and numerically annotated beginning
from the N-termini. The predicted molecular weights (kDa) of GPCs and putative GPs are annotated
within colored arrows. Molecular weights were predicted without glycosylation. No designations
of structural versus non-structural (Gn/Gc vs. NSm) proteins are listed due to lack of available
experimental evidence across the genus. Signal peptides were predicted using posterior probability
thresholds of 1.0 and 0.1 (SignalP 4.1) and are annotated with red arrows. Proprotein cleavage
predictions (Prop 1.0) were analyzed for general convertase and furin predictions. Proprotein cleavage
prediction thresholds of 0.3-0.49 are annotated with pink boxes, and thresholds of 0.5 or higher are
annotated in sky blue. For both predictions, four-letter amino-acid sequences are provided below
each colored box. Transmembrane domains (TMD) are annotated with yellow boxes and predicted
using TMHMM 2.0. Two members of the species “Burana nairovirus” were predicted to have two open
reading frames on the M-segment encoding a separate stand-alone glycoprotein (Pre-Gx) next to the
polyprotein (GPC).
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We also analyzed the nairovirus GPC for the occurrence, location, and topology of transmembrane
regions using software modeling (TopPred2). The number of TMDs varied between one and five
domains. Interestingly, viruses of the Qalyub nairovirus species had the fewest transmembrane regions
in their glycoprotein precursors (e.g., QYBV has only one such region). By comparison, CCHFV and
DUGYV GPCs have five TMDs. All nairovirus GPCs were predicted to have at least a single conserved
C-terminal transmembrane region approximately 40-60 residues prior to the C-termini of the GPC
(Figure 6 and Table S2).

3.2.3. Large (L) Segment—RNA-Dependent RNA Polymerase

Nairovirus RNA-dependent RNA polymerases (Ls) are substantially larger than other bunyavirus
L homologs. All nairovirus L sequences maintain the characteristic RNA-dependent RNA polymerase
core motifs described by Poch [104] and Muller ef al. [105] comprising residues 2361-2669 of the L gene
alignment (domain A), and therefore include the polymerase module pre-A motif through motif E
(Figure 7).
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Figure 7. Cartoon showing conserved regions in nairovirus RNA-dependent RNA polymerases (Ls)
using CCHFYV as a reference. OTU, ovarian tumor family-like domain.

Moreover, inter-motif regions are moderately conserved, suggesting structural constrains on
their three-dimensional arrangements. The invariant sequences DXX KW and SDD of motifs A and C,
respectively, may have metal-binding activities necessary for catalytic functions [106,107] (Figure S1).
A phylogenetic analysis of the nairovirus and nairo-like virus core polymerase modules with the
corresponding regions of other bunyaviruses (hantaviruses, orthobunyaviruses, phleboviruses),
mammarenaviruses, and orthomyxoviruses is shown in Figure 8.

Our analysis demonstrates that the nairovirus and nairo-like virus RNA-dependent-RNA
polymerase core domain is more closely related to the arenavirus domain than to any other bunyaviral
domain, supporting the existence of an arenavirus-nairovirus supergroup.
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domains, comprising motifs A through E for representative viruses were analyzed by maximum
likelihood method at the amino acid level using PHYML.

CCHFV encodes a deubiquitinase (DUB) of the OTU family, which unlike eukaryotic OTU
DUBs, also targets interferon-stimulated gene 15 (ISG15) modifications [108,109]. The catalytic motifs
characteristics of OTU-like cysteine proteases are clearly detected in all nairoviruses, but not in any
of the nairo-like viruses. The role of the CCHFV OTU-like cysteine protease in the cleavage of host
cell proteins, and specifically on the ubiquitin- and ISG15-dependent innate immune response, has
been widely investigated [108,109]. Several OTU-characteristic residues (P35, D37, G38, C40, Y89,
W99, W119, and H151) are highly conserved among all nairoviruses (Figure S7-2). Interestingly, these
residues are not conserved in any of the nairo-like viruses [110]. P35, D37, G38, C40, and H151 are
part of OTU'’s catalytic site (Figure S2). Y89 is the key aa residue of a conserved site resembling a
topoisomerase motif (SXXXY), but its serine residue is not conserved among nairoviruses. Interestingly,
the conserved site Y89 is located very close to P77, E78, and R80, which are key residues for the
interaction with ubiquitin and ISG15 [111]. Moreover, this area of the nairovirus OTU domain is
structurally similar to the catalytic domain of a transferase-like protein (PDB ID: 1k98; methionine
synthase protein, confidence 60.8%) and to the DNA /RNA-binding 3-helical bundle fold of “winged
helix” DNA-binding domain proteins. Interestingly, the region in the methionine synthase protein
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identified as structurally similar to the nairovirus OTU domain is the binding domain for vitamin B12.
As expected, positional analysis revealed a correlation between positions with high mutational
sensitivity and high identity (Figure 5C). The presence of the conserved OTU motif in all nairovirus
Ls and the structural similarities between topoisomerases and strand-specific recombinases could
indicate a role of the OTU domain in RNA strand manipulation.

The majority of nairoviruses pathogenic to humans (CCHFV, DUGV virus, ERVEV, ISKV, KAS(O)V,
and NSDV) or other mammals (NSDV/GANYV) contain an identifiable topoisomerase I active site
motif, whereas most nairoviruses without that domain are only known to infect arthropods or to
establish subclinical infections in vertebrates. The deubiquitinylation and deISGylation activities of
CCHEFV L have been proposed as a mechanism of virus evasion from the innate immune response via
efficient interference with antiviral signaling pathways mediated by nuclear factor (NF)-kB, interferon
regulatory factor 3 (IRF3), and type 1 interferon (IFN-cc/3) [108,109]. These pathways rely on protein
ubiquitinylation for their activation—one outcome is the modification of the pathway factor with ISG15.
Thus, researchers posit that the CCHFV OTU domain might be an important virulence determinant,
as some differences were observed in the functionality of the domain in very virulent CCHFV and
the less virulent DUGV [112]. The observation of a potential structural and phylogenetic difference
between the nairovirus OTUs of pathogenic and non-pathogenic nairoviruses is therefore intriguing.

Position-specific iterated (PSI)-BLAST searches had previously demonstrated that the region
between the nairovirus OTU-like cysteine protease domain and the core region of the RNA-dependent
polymerase (domain A) is conserved [42,113] (Figure 7). A region, including the C,H,-type zinc finger
domain and several aa positions conserved among all RNA-dependent RNA polymerase modules
of segmented negative-sense RNA viruses, was named domain B [106,107] (Figure 7 and Figure S3).
Interestingly, this area of L is structurally similar to an oxidoreductase (PDB: 1mv8, a GDP-mannose
6-hydrogenase; positions 328-433; confidence 86.5%: identity 64%). Although several aa residues
essential for the proper structure and function of this domain are conserved among nairovirus and
other bunyavirus Ls, no correlation between mutational sensitivity and conservation was detected
(data not shown). Downstream, Phyre2 analysis identified an area with similarity to the mammalian
suppressor of yeast Sec 4 (Mss4)-like superfamily of proteins, of the family Rab guanine nucleotide
exchange factor (GEF) Mss4 (PDB: 2fu5, confidence 67.4%, identity 44%). Interestingly, this area also
contains several aa residues that are highly conserved among all nairoviruses (Figure 7 and Figure S3).
However, no correlation with mutational sensitivity was detected (data not shown).

A region immediately upstream of the core polymerase region is highly conserved among
arenaviruses and bunyaviruses (domain C) (Figure 7 and Figure S4; residues conserved among
families are highlighted in orange in the figure) [114]. In the case of CCHFV, domain C includes a
leucine zipper motif, which is found in all nairovirus genomes. Leucine zipper domains are a common
three-dimensional structural motif of transcription factors, characterized by a periodic repetition of
leucine residues at every seventh position over a distance covering eight helical turns [115]. The
polypeptide segments containing these periodic arrays of leucine residues were proposed to exist in
an alpha-helical conformation, and the leucine side chains from one alpha helix interdigitate with
those from the alpha helix of a second polypeptide, facilitating dimerization. Basic-region leucine
zippers (bZIPs) are a class of eukaryotic transcription factors including leucine zipper domains of 60
to 80 residues in length with highly conserved DNA binding basic regions [116]. The nairovirus
leucine zipper domain surrounds a highly conserved NRRQ domain in the center of the 7 moderately
conserved leucine positions. Of note, this motif is also structurally similar to human immunodeficiency
virus 1 Nef (PDB: 2xil, positions 97-110, confidence 11%, identify 43%), which includes the functional
conserved motif XR [117,118]. Interestingly, structural analysis of nairovirus domain C revealed a
similarity to RNA-binding an endoribonuclease VapD (PDB: 3ui3, positions 69-132, confidence 45.6%,
identity 40%).

Finally, domain D, which has been previously described only for orthobunyaviruses (Figure 7
and Figure S5; residues conserved among family members are highlighted in orange in the figure),
could also be identified as a conserved feature of nairovirus Ls, but structural similarities could not
be detected.

Three additional, new conserved domains (Figure 7; orange boxes) were found in the nairovirus L
alignment (1424-1605; 1700-1898; and 2763-3368). Only the third (and largest) domain (aa 3122-3155)
was found to be structurally similar to another domain, namely the homodimerization domain of the
female germline-specific tumor suppressor protein gld-1 (PDB: 3kbl; confidence 59%; identity 27%).
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4. Discussion

The family Bunyaviridae currently has 530 putative members [1]. These members are either
classified in the five recognized bunyaviral genera Hantavirus, Nairovirus, Orthobunyavirus, Phlebovirus,
and Tospovirus, or remain to be classified into these existing or novel genera. Until recently, bunyaviral
classification predominantly relied on antigenic relationships as genomic sequence information on
individual bunyaviruses was scarce [1]. Classical and next-generation sequencing is now increasingly
applied to historical isolates of presumed or newly discovered putative bunyaviruses [6—42]. These
studies demonstrated that bunyaviral diversity is far broader than previously appreciated, probably
necessitating the establishment of additional bunyaviral genera [22-24]. Other studies revealed
that arenaviruses, emaraviruses, tenuiviruses, and Mourilyan virus may have to be included
among bunyaviruses despite having genomes with more or less than the bunyavirus-typical three
segments [119-126]. Finally, although sequencing of putative bunyaviruses by and large confirmed
historical antigenic classifications, several bunyaviruses were assigned to wrong genera [14,25-34].

Broadening the bunyaviral sequence space to encompass as many bunyaviruses and bunya-like
viruses as possible is necessary to elucidate their true phylogenetic relationships and to establish
a modern comprehensive bunyaviral taxonomy that adequately reflects evolution. Here we
reported 23 bunyaviral genome sequences (Table 1) with the goal of understanding the relationships
of nairoviruses and nairo-like viruses—a group of bunyaviruses for which almost no sequence
information was available until very recently [29,42]. While we confirmed the overall monophyly of
the current genus Nairovirus, our results indicated that (a) novel species will have to be established;
(b) that some nairoviruses will have to be moved between species; (c) that a long-thought phlebovirus
is actually a nairovirus; and (d) that several newly discovered bunyaviruses do not directly fall into the
nairovirus clade but are nevertheless more closely related to nairoviruses than to other bunyaviruses
(Figures 1-3). We propose here that in the absence of at least coding-complete genomic information,
“bunyaviruses” should not be classified into bunyaviral taxa but rather be seen as putative members of
the family Bunyaviridae. Applying this stringent criterium to the list of “nairoviruses” (Table S1), we
propose a new taxonomic organization for the genus Nairovirus in Table 2. This organization is overall
in line with a similar, very recent, proposal by Walker et al. [42].

Coding-complete genome sequences of at least five additional nairoviruses (Burana virus, Caspiyi
virus, Chim virus, Geran virus, and Tamdy virus) have been determined but are not yet available
for analysis [30-34] (Table S1). Therefore, the taxonomy proposed in Table 2 should be considered
preliminary until these sequences become available and incorporated. In particular, the Burana virus
and Tamdy virus sequences may help to further refine the Burana and Qalyub genogroups.

Genomic reassortment (i.e., the relatively free swapping of S, M, and L segments, between
taxonomically diverse bunyaviruses simultaneously infecting the same host and consequently resulting
in novel viruses) has been described for orthobunyaviruses, phleboviruses, and tospoviruses [127].
Interestingly, our analysis did not reveal any signs of inter-nairovirus reassortment. This result suggests
that distinct nairoviruses may rarely have the opportunity in nature to infect the same host at the
same time or that molecular-biological constraints prevent inter-nairovirus reassortment. In vitro
experiments should be performed to evaluate these hypotheses.
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Table 2. Proposed new taxonomy of the genus Nairovirus based on genomic data. Viruses mentioned
in Table S1 but not here ought to be considered putative nairoviruses that based on current
data cannot/should not be classified. Proposed new taxa are highlighted in red and placed in
quotation marks.

Species Virus Members
Huéngpi tick virus 1 (HTV-1)
“Burana Nairovirus” Tachéng tick virus 1 (TTV-1)

Weénzhou tick virus (WTV)

Crimean-Congo hemorrhagic fever nairovirus Crimean-Congo hemorrhagic fever virus (CCHFV)

Abu Hammad virus (AHV) including Tunis isolate
Dera Ghazi Khan nairovirus Abu Mina virus (AMV)

Dera Ghazi Khan virus (DGKV)

Sapphire II virus (SAPV)

Dugbe virus (DUGV)
Kupe virus (KUPEV)

Hazara virus (HAZV)
Tofla virus (TFLV)

Caspiy virus (CASV)
Farallon virus (FARV)
Great Saltee virus (GRSV)
Hughes virus (HUGV)
Punta Salinas virus (PSV)
Raza virus (RAZAV)
Soldado virus (SOLV)
Zirqga virus (ZIRV)

Gossas virus (GOSV)

Issyk-kul virus (ISKV)

Keterah virus (KTRV) including soft tick isolate
Uzun-Agach virus (UZAV)

Kasokero virus (KAS(O)V)
“Kasokero nairovirus” Leopards Hill virus (LPHV)
Yogue virus (YOGV)

Ganjam virus (GANV)
Nairobi sheep disease virus (NSDV) including
Ganjam isolate

Bandia virus (BDAV)
Qalyub virus (QYBV)

Avalon virus (AVAV)
Clo Mor virus (C(L)MV)
Sakhalin nairovirus Sakhalin virus (SAKV)
Taggert virus (TAGB)
Tillamook virus (TILLV)

Erve virus (ERVEV)
Thiafora virus (TFAV)

Dugbe nairovirus

“Hazara nairovirus”

Hughes nairovirus

“Keterah nairovirus”

“Nairobi sheep disease virus nairovirus”

Qalyub nairovirus

Thiafora nairovirus

Two recent studies on arthropod samples revealed the existence of at least five bunyaviruses
(SWSV-1, Shayéng spider virus 1, SBV, Withan millipede virus 2, and XSV) that appeared to be
closely related to nairoviruses [37,41]. Interestingly, SBV and Withan millipede virus 2 genomes were
found to consist of only two segments, rather than the bunyavirus/nairovirus-typical three segments.
Our phylogenetic analyses (Figures 1-3 and Figure 8) indicate that all five viruses should not be
classified in the genus Nairovirus, but confirm that these viruses are more closely related to nairoviruses
than to all other bunyaviruses. To further resolve phylogenetic placement of these five viruses, we
performed PAirwise Sequence Comparison (PASC) of bunyavirus sequences using the National Center
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for Biotechnology Information’s (NCBIs) PASC tool. Histograms from this analysis demonstrates
the distribution of the number of virus genome pairs at each identity percentage. Histogram peaks
and valleys can be used to differentiate taxon ranks and to establish taxon demarcation criteria using
objective criteria [128,129]. A preliminary PASC analysis with representative bunyaviral genomes
indicate that cut-offs of ~26% and 31%-34% identity for the M and L segments, respectively, ought to be
used to uphold the current bunyaviral division into Hantavirus, Nairovirus, Orthobunyavirus, Phlebovirus,
and Tospovirus genera (data not shown). Using these cut-offs, PASC confirms the monophyly of the
genus Nairovirus as outlined in Table 2 and indicates the need to establish four nairovirus-like genera for
(1) SBV; (2) SWSV-1 and XSV; (3) Shayang spider virus 1; and (4) Withan millipede virus 2 (Figures 1-3;
Figure 8: nairoviruses in blue and nairo-like viruses in purple). Interestingly, phylogenetic analyses
also indicate that the bisegmented arenaviruses, currently not part of the Bunyaviridae, are more
related to these viruses than they are to other bunyaviruses, suggesting the need to establish an
arenavirus/nairovirus supergroup within the family (Figure 8).

Supplementary Materials: The following are available online at www.mdpi.com/link, Table S1: All known
and putative nairoviruses and nairo-like viruses and their deduced relationships prior to this study; Table S2:
M-segment polyprotein descriptions. Figures S1 through S5: conserved features of nairovirus RNA-dependent
RNA polymerases (Ls).

Acknowledgments: The content of this publication does not necessarily reflect the views or policies of the US
Department of Health and Human Services, or the institutions and companies affiliated with the authors. This
work was supported by the Defense Threat Reduction Agency #1881290, and the United States Department of
Defense, Defense Biological Products Assurance Office. A.PA.T.d.R., H.G., and R.B.T. were supported by US
National Institutes of Health (NIH) contract HHSN2722010000401/ HHSN27200004/D04. Y.B. was supported by
the Intramural Research Program of the NIH, National Library of Medicine. This work was supported in part
through Battelle Memorial Institute’s prime contract with the US National Institute of Allergy and Infectious
Diseases (NIAID) under Contract No. HHSN2722007000161. A Battelle employee involved in this work is: J.W.
A subcontractor to Battelle Memorial Institute who performed this work is: J.H.K., an employee of Tunnell
Government Services, Inc. We thank Laura Bollinger (Battelle Memorial Institute) for editing this manuscript.

Author Contributions: M.R.W,, SER,, and G.P. conceived and designed the experiments; M.R.W., SER., K.P,,
APATdR,HG.,N.S, and G.P. performed the experiments; ] HK.,, M.RW.,, SER., J.TL. Y.B, PB.J., and G.P.
analyzed the data; R.B.T. and D.A.B. contributed reagents/materials/analysis tools; ] HK., MRW., S.ER., JW.,,
and G.P. wrote the paper and/or helped prepare figures.

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; and in the
decision to publish the results.

References

1. Plyusnin, A; Beaty, B.J.; Elliott, R.M.; Goldbach, R.; Kormelink, R.; Lundkvist, A.; Schmaljohn, C.S.; Tesh, R.B.
Family Bunyaviridae. In Virus Taxonomy—Ninth Report of the International Committee on Taxononty of Viruses;
King, AM.Q., Adams, M.]., Carstens, E.B., Lefkowitz, E.J., Eds.; Elsevier/Academic Press: London, UK,
2011; pp. 725-741.

2. De Haan, P,; Wagemakers, L.; Peters, D.; Goldbach, R. The S RNA segment of tomato spotted wilt virus has
an ambisense character. J. Gen. Virol. 1990, 71, 1001-1007. [CrossRef] [PubMed]

3. Elliott, RM.; Schmaljohn, C.S. Bunyaviridae. In Fields Virology, 7th ed.; Knipe, D.M., Howley, PM., Eds.;
Wolters Kluwer /Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; pp. 1244-1282.

4. Davies, FG,; Terpstra, C. Nairobi sheep disease. In Infectious Diseases of Livestock; Coetzer, ].A.W., Tustin, R.C.,
Eds.; Oxford University Press: Oxford, UK, 2004; Volume 2, pp. 1071-1076.

5. Ladner, J.T.; Beitzel, B.; Chain, PS.; Davenport, M.G.; Donaldson, E.F,; Frieman, M.; Kugelman, J.R,;
Kuhn, ].H.; O'Rear, J.; Sabeti, P.C.; et al. Standards for sequencing viral genomes in the era of high-throughput
sequencing. MBio 2014, 5, e01360-14. [CrossRef] [PubMed]

6. Palacios, G.; Wiley, M.R.; Travassos da Rosa, A.P.A.; Guzman, H.; Quiroz, E.; Savji, N.; Carrera, J.-P;
Bussetti, A.V,; Ladner, ]J.T.; Lipkin, W.I; ef al. Characterization of the Punta Toro species complex
(genus Phlebovirus, family Bunyaviridae). ]. Gen. Virol. 2015, 96, 2079-2085. [CrossRef] [PubMed]

20



Viruses 2016, 8, 164

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Palacios, G.; Tesh, R.B.; Savji, N.; Travassos da Rosa, A.P.A; Guzman, H.; Bussetti, A.V.; Desai, A.; Ladner, | ;
Sanchez-Seco, M.; Lipkin, W.I. Characterization of the sandfly fever Naples species complex and description
of a new Karimabad species complex (genus Phlebovirus, family Bunyaviridae). J. Gen. Virol. 2014, 95, 292-300.
[CrossRef] [PubMed]

Palacios, G.; Tesh, R.; Travassos da Rosa, A.; Savji, N.; Sze, W.; Jain, K; Serge, R.; Guzman, H.; Guevara, C.;
Nunes, M.R.T; et al. Characterization of the Candiru antigenic complex (Bunyaviridae: Phlebovirus), a highly
diverse and reassorting group of viruses affecting humans in tropical America. J. Virol. 2011, 85, 3811-3820.
[CrossRef] [PubMed]

Palacios, G.; Savji, N.; Travassos da Rosa, A.; Guzman, H.; Yu, X.; Desai, A.; Rosen, G.E.; Hutchison, S.;
Lipkin, W.I; Tesh, R. Characterization of the Uukuniemi virus group (Phlebovirus: Bunyaviridae): Evidence
for seven distinct species. J. Virol. 2013, 87, 3187-3195. [CrossRef] [PubMed]

Palacios, G.; Savji, N.; Travassos da Rosa, A.; Desai, A.; Sanchez-Seco, M.P.; Guzman, H.; Lipkin, W.I; Tesh, R.
Characterization of the Salehabad virus species complex of the genus Phlebovirus (Bunyaviridae). |. Gen. Virol.
2013, 94, 837-842. [CrossRef] [PubMed]

Palacios, G.; Travassos da Rosa, A.; Savji, N.; Sze, W.; Wick, I.; Guzman, H.; Hutchison, S.; Tesh, R.; Lipkin, W.I.
Aguacate virus, a new antigenic complex of the genus Phlebovirus (family Bunyaviridae). |. Gen. Virol. 2011, 92,
1445-1453. [CrossRef] [PubMed]

Matsuno, K.; Weisend, C.; Travassos da Rosa, A.P.A.; Anzick, S.L.; Dahlstrom, E.; Porcella, S.F;
Dorward, D.W.; Yu, X.-J.; Tesh, R.B.; Ebihara, H. Characterization of the Bhanja serogroup viruses
(Bunyaviridae): A novel species of the genus Phlebovirus and its relationship with other emerging tick-borne
phleboviruses. J. Virol. 2013, 87, 3719-3728. [CrossRef] [PubMed]

Matsuno, K.; Weisend, C.; Kajihara, M.; Matysiak, C.; Williamson, B.N.; Simuunza, M.; Mweene, A.S.;
Takada, A.; Tesh, R.B.; Ebihara, H. Comprehensive molecular detection of tick-borne phleboviruses leads
to the retrospective identification of taxonomically unassigned bunyaviruses and the discovery of a novel
member of the genus Phlebovirus. |. Virol. 2015, 89, 594-604. [CrossRef] [PubMed]

Anbxoscknii, C.B.; JIbsos, /I.K.; [lleakanos, M.1O.; Illernann, A.M.; Jdepst6un, I1.I".; Camoxsasnos, E.11.;
Turenbman, A.K.; Borukos, A.I'. Takconomus Bupyca Xacan (Khasan, KHAV)—noBoro supyca pona
Phlebovirus (cem. Bunyaviridae), nsonuposanuoro uz kiemeit Haemaphysalis longicornis (Neumann, 1901) B
IIpumopckom xpae (Pocens). Al'hovskij, S.V.; L'vov, D.K,; Selkanov, M.U.; Setinin, A.M.; Derébin, P.G.;
Samohvalov, E.I; Gitel'man, A.K; Botikov, A.G. The taxonomy of the Khasan virus (KHAV), a new
representative of the Phlebovirus genus (Bunyaviridae), isolated from Haemaphysalis longicornis (Neumann,
1901) ticks in the Maritime Territory. Vopr. Virusol. 2013, 58, 15-18. (In Russian)

Stockwell, T.B.; Heberlein-Larson, L.A.; Tan, Y.; Halpin, R.A.; Fedorova, N.; Katzel, D.A.; Smole, S.;
Unnasch, T.R.; Kramer, L.D.; Das, S.R. First complete genome sequences of two Keystone viruses from
Florida. Genome Announc. 2015, 3, €01255-15. [CrossRef] [PubMed]

Saviji, N.; Palacios, G.; Travassos da Rosa, A.; Hutchison, S.; Celone, C.; Hui, J.; Briese, T.; Calisher, C.H.;
Tesh, R.B.; Lipkin, W.I. Genomic and phylogenetic characterization of Leanyer virus, a novel orthobunyavirus
isolated in northern Australia. J. Gen. Virol. 2011, 92, 1676-1687. [CrossRef] [PubMed]

Ladner, J.T.; Savji, N.; Lofts, L.; Travassos da Rosa, A.; Wiley, M.R.; Gestole, M.C.; Rosen, G.E.; Guzman, H.;
Vasconcelos, PE.C.; Nunes, M.R.T.; et al. Genomic and phylogenetic characterization of viruses included
in the Manzanilla and Oropouche species complexes of the genus Orthobunyavirus, family Bunyaviridae.
J. Gen. Virol. 2014, 95, 1055-1066. [CrossRef] [PubMed]

Hontz, R.D.; Guevara, C.; Halsey, E.S; Silvas, J.; Santiago, EW.; Widen, S.G.; Wood, T.G.; Casanova, W.;
Vasilakis, N.; Watts, D.M.; et al. Itaya virus, a novel Orthobunyavirus associated with human febrile illness,
Peru. Emerg. Infect. Dis. 2015, 21, 781-788. [CrossRef] [PubMed]

Groseth, A_; Vine, V.; Weisend, C.; Ebihara, H. Complete genome sequence of Trivittatus virus. Arch. Virol.
2015, 160, 2637-2639. [CrossRef] [PubMed]

Groseth, A.; Mampilli, V.; Weisend, C.; Dahlstrom, E.; Porcella, S.E; Russell, B.J.; Tesh, R.B.; Ebihara, H.
Molecular characterization of human pathogenic bunyaviruses of the Nyando and Bwamba/Pongola virus
groups leads to the genetic identification of Mojui dos Campos and Kaeng Khoi virus. PLoS Negl. Trop. Dis.
2014, 8, e3147. [CrossRef] [PubMed]

21



Viruses 2016, 8, 164

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Shchetinin, A.M.; Lvov, D.K.; Deriabin, P.G.; Botikov, A.G.; Gitelman, A.K.; Kuhn, J.H.; Alkhovsky, S.V.
Genetic and phylogenetic characterization of Tataguine and Witwatersrand viruses and other
orthobunyaviruses of the Anopheles A, Capim, Guama, Koongol, Mapputta, Tete, and Turlock serogroups.
Viruses 2015, 7, 5987-6008. [CrossRef] [PubMed]

Marklewitz, M.; Zirkel, F.; Kurth, A.; Drosten, C.; Junglen, S. Evolutionary and phenotypic analysis of live
virus isolates suggests arthropod origin of a pathogenic RNA virus family. Proc. Natl. Acad. Sci. USA 2015,
112,7536-7541. [CrossRef] [PubMed]

Marklewitz, M.; Zirkel, E; Rwego, .B.; Heidemann, H.; Trippner, P; Kurth, A; Kallies, R.; Briese, T.;
Lipkin, W.L; Drosten, C.; et al. Discovery of a unique novel clade of mosquito-associated bunyaviruses.
J. Virol. 2013, 87, 12850-12865. [CrossRef] [PubMed]

Ballinger, M.].; Bruenn, J.A.; Hay, J.; Czechowski, D.; Taylor, D.J. Discovery and evolution of bunyavirids in
arctic phantom midges and ancient bunyavirid-like sequences in insect genomes. J. Virol. 2014, 88, 8783-8794.
[CrossRef] [PubMed]

Anbxosckuii, C.B.; JIbsos, I.K.; enkanos, M.IO.; Jepstun, IL.T.; Hlernnnn, A.M.; Camoxsamos, E.J1.;
Apucrosa, B.A.; 'uresbman, A.K.; Borukos, A.I'. ['enernyeckasi XxapakKTepUCTUKa BUpyca Y3yH-Araa
(UZAV—Uzun-Agach virus) (Bunyaviridae, Nairovirus), m3omuposannoro B Kazaxcrame or ocrpoyxoit
Hounuuel Myotis blythii oxygnathus Monticelli, 1885 (Chiroptera; Vespertilionidae). Al’hovskij, S.V.; L'vov, D.K.;
Selkanov, M.U.; Derabin, P.G.; Setinin, A.M.; Samohvalov, E.I; Aristova, V.A.; Gitel'man, A K.; Botikov, A.G.
Genetic characterization of Uzun-Agach virus (UZAV, Bunyaviridae, Nairovirus), isolated from Myotis blythii
oxygnathus Monticelli, 1885 bats (Chiroptera; Vespertilionidae) in Kazakhstan. Vopr. Virusol. 2014, 59, 23-26.
(In Russian)

Anbxosekuit, C.B.; JIsos, J.K.; Illeskanos, M.1O.; Illernnun, A.M.; depsabun, ILI.; l'urensman, A.K.;
Borukos, A.I'.; Camoxsainos, E.I.; Bakapsan, B.A. Takconomusi Bupyca Apramar (ARTSV—Artashat
virus) (Bunyaviridae, Nairovirus), usomuposannoro us kiemeit Ornithodoros alactagalis Issaakjan, 1936
u O. verrucosus Olenev, Sassuchin et Fenuk, 1934 (Argasidae Koch, 1844), cobpannbix B 3aKaBKasbe.
Al'hovskij, S.V,; L'vov, D.K; Selkanov, M.U.; Setinin, A.M.; Derabin, P.G.; Gitel'man, A.K.; Botikov, A.G.;
Samohvalov, E.I; Zakaran, V.A. Taxonomic status of Artashat virus (ARTSV) (Bunyaviridae, Nairovirus)
isolated from Ornithodoros alactagalis Issaakjan, 1936 and O. verrucosus Olenev, Sassuchin et Fenuk, 1934 ticks
(Argasidae Koch, 1844) collected in Transcaucasia. Vopr. Virusol. 2014, 59, 24-28. (In Russian)

Ausbxosekuii, C.B.; JIbeos, JI.K.; Hleakanos, M.IO.; Ilerunun, A.M.; depsioun, [1.T'.; Camoxsasos, E.J1.;
Furensman, A.K.; Borukos, A.I'. Takconomus Bupyca Uccpik-Kyms (Issyk-kul virus, ISKV; Bunyaviridae,
Nairovirus), Bo3bymurens: Wceblk-Kynbckoit JmMxopajiki, M30JMPOBAHHOIO OT JIETy4nX —MblIieit
(Vespertilionidae) u wnemeit Argas (Carios) vespertilionis (Latreille, 1796). Al’hovskij, S.V.; L'vov, D.K,;
Selkanov, M.U.; Setinin, A.M.; Derabin, P.G.; Samohvalov, E.L; Gitel’'man, A.K.; Botikov, A.G. Taxonomy
of Issyk-kul virus (ISKV, Bunyaviridae, Nairovirus), the etiologic agent of Issyk-kul fever isolated from
bats (Vespertilionidae) and Argas (Carios) vespertilionis (Latreille, 1796) ticks. Vopr. Virusol. 2013, 58, 11-15.
(In Russian)

Atkinson, B.; Marston, D.A; Ellis, R.J.; Fooks, A.R.; Hewson, R. Complete genomic sequence of Issyk-kul
virus. Genome Announc. 2015, 3, €00662-15. [CrossRef] [PubMed]

Walker, PJ.; Widen, S.G.; Firth, C.; Blasdell, K.R.; Wood, T.G.; Travassos da Rosa, A.P.A.; Guzman, H.;
Tesh, R.B.; Vasilakis, N. Genomic characterization of Yogue, Kasokero, Issyk-Kul, Keterah, Gossas, and
Thiafora viruses: Nairoviruses naturally infecting bats, shrews, and ticks. Am. J. Trop. Med. Hyg. 2015, 93,
1041-1051. [CrossRef] [PubMed]

JIbsos, J1.K.; Anbxosckuii, C.B.; [enkanos, M.IO.; Jepatun, ILT.; Illernnun, A.M.; Camoxsasos, E.I1.;
Apucrosa, B.A.; I'mresbman, A.K.; Borukos, A.I'. 'enerndeckasi xapakrepucruka sBupyca l'epanHb
(GERV - Geran virus) (Bunyaviridae, Nairovirus, rpynna Kamnbio6), usonmuposannoro B Asepbaiimkame
or kusemeii Ornithodoros verrucosus Olenev, Zasukhin and Fenyuk, 1934 (Argasidae), cobpanubix B HOpe
KpacHOXBOCTOH mecwamnku (Meriones erythrourus Grey, 1842). L'vov, D.K.; Al'hovskij, S.V.; Selkanov, M.U,;
Derabin, P.G.; Setinin, A.M.; Samohvalov, E.L; Aristova, V.A.; Gitel'man, A.K.; Botikov, A.G. Genetic
characterization of Geran virus (GERV, Bunyaviridae, Nairovirus, Qalyub group) isolated from Ornithodoros
verrucosus Olenev, Zasukhin and Fenyuk, 1934 ticks (Argasidae) collected in the burrow of Meriones erythrourus
Grey, 1842 in Azerbaijan. Vopr. Virusol. 2014, 59, 13-18. (In Russian)

22



Viruses 2016, 8, 164

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

JIssos, J.K.; Anbxosckuit, C.B.; Illeakanos, M.1O.; Hlerunun, A.M.; Apucrosa, B.A.; I'nrenpman, AK.;
Hepsioun, IT.T.; Borukos, A.I'. Takconomusi patee Herpynnuposansoro supyca Tamusl (TAMV-Tamdy virus)
(Bunyaviridae, Nairovirus), m30/MpoBaHHOr0 OT HKCOAOBEIX Kiremieit Hyalomma asiaticum asiaticum Schiilce
et Schlottke, 1929 (Ixodidae, Hyalomminae) 8 Cpenneit Asum n 3akaskasbe. Lvov, D.K.; Alkhovsky, S.V.;
Shchelkanov, M.Yu.; Shchetinin, A.M.; Aristova, V.A.; Gitelman, A.K,; Deryabin, P.G.; Botikov, A.G.
Taxonomy of previously unclassified Tamdy virus (TAMV) (Bunyaviridae, Nairovirus) isolated from Hyalomma
asiaticum asiaticum Schiilce et Schlottke, 1929 (Ixodidae, Hyalomminae) ticks in the Middle East and
Transcaucasia. Vopr. Virusol. 2014, 59, 15-22. (In Russian)

JIssos, JI.K.; Anbxosckuii, C.B.; Illenkanos, M.1O.; Illerunun, A.M.; Apucrosa, B.A.; Mopososa, T.H.;
Turensman, A.K.; lepsabun, [LT.; Borukos, A.I'. Takconomust panee He KaaccuUIUPOBAHHOTO BUPYCA
YVIM (CHIMYV - Chim virus) (Bunyaviridae, Nairovirus, rpynma Kaubio6), nzommposanioro B Ya6ekucrane u
Kazaxcrane n3 nkconosbix (Acari: Ixodidae) n apracosbix (Acari: Argasidae) kitemieii, COGpaHHBIX B HOPax
Gosbiux necuanok Rhombontys opimus Lichtenstein, 1823 (Muridae, Gerbillinae). L'vov, D.K.; Al'hovskij, S.V.;
Shhelkanov, M.].; Shhetinin, A.M.; Aristova, V.A.; Morozova, T.N.; Gitel'man, A K.; Derjabin, P.G.;
Botikov, A.G. Taxonomic status of Chim virus (CHIMV) (Bunyaviridae, Nairovirus, Qalyub group) isolated
from Ixodidae and Argasidae ticks collected from great gerbil (Rhombontys opimus Lichtenstein, 1823) (Muridae,
Gerbillinae) burrows in Uzbekistan and Kazakhstan. Vopr. Virusol. 2014, 59, 18-23. (In Russian)

JIssos, I.K.; Anbxosckuit, C.B.; Illeskanos, M.1O.; ernrun, A.M.; Hepsoun, IL.T'.; F'nrensman, AK.;
Apucrosa, B.A.; Borukos, A.I'. Takconomuuecknii craryc Bupyca Bypana (BURV—Burana virus)
(Bunyaviridae, Nairovirus, rpymma Tamer), uzosuposanuoro u3 kiemeit Haemaphysalis punctata Canestrini
et Fanzago, 1877 u Haem. concinna Koch, 1844 (Ixodidae, Haemaphysalinae) 8 Ksipreiscrane. L'vov, D.K.;
Al’hovskij, S.V.; Shhelkanov, M.].; Shhetinin, A.M.; Derjabin, P.G.; Gitel'man, A.K,; Aristova, V.A;
Botikov, A.G. Taxonomic status of Burana virus (BURV) (Bunyaviridae, Nairovirus, Tamdy group) isolated
from Haemaphysalis punctata Canestrini et Fanzago, 1877 and Haem. concinna Koch, 1844 ticks (Ixodidae,
Haemaphysalinae) in Kyrgyzstan. Vopr. Virusol. 2014, 59, 10-15. (In Russian)

JIbeos, JI.K.; Anbxosckuii, C.B.; Hlenkanos, M.YO.; Illernnun, A.M.; Hdepsibun, I1.I.; Camoxsasos, E.J1.;
T'uresnbman, A.K.; Borukos, A.I'. 'enerndeckast xapakrepucruka supyca Kacunit (CASV - Caspiy virus)
(Bunyaviridae, Nairovirus), usonuposansoro or 4aiikossix (Laridae Vigors, 1825) u kpauxosbix (Sternidae
Bonaparte, 1838) mrum i apracossix iremeit Ornithodoros capensis Neumann, 1901 (Argasidae Koch, 1844) na
3aI1a/HOM U BOCTOYHOM Hobepexbsix Kacnuiickoro mops. L'vov, D.K.; Al’hovskij, S.V.; Shhelkanov, M.Ju.;
Shhetinin, A.M.; Derjabin, P.G.; Samohvalov, E.I; Gitel'man, A K.; Botikov, A.G. Genetic characterization of
Caspiy virus (CASV) (Bunyaviridae, Nairovirus) isolated from Laridae (Vigors, 1825) and Sternidae (Bonaparte,
1838) birds and Argasidae (Koch, 1844) Ornithodoros capensis Neumann, 1901, ticks form western and eastern
coasts of the Caspian Sea. Vopr. Virusol. 2014, 59, 24-29. (In Russian)

Dacheux, L.; Cervantes-Gonzalez, M.; Guigon, G.; Thiberge, ].-M.; Vandenbogaert, M.; Maufrais, C.; Caro, V.;
Bourhy, H. A preliminary study of viral metagenomics of French bat species in contact with humans:
Identification of new mammalian viruses. PLoS ONE 2014, 9, e87194. [CrossRef] [PubMed]

Ishii, A.; Ueno, K.; Orba, Y.; Sasaki, M.; Moonga, L.; Hang’ombe, B.M.; Mweene, A.S.; Umemura, T.; Ito, K.;
Hall, WW.; ef al. A nairovirus isolated from African bats causes haemorrhagic gastroenteritis and severe
hepatic disease in mice. Nat. Commun. 2014, 5, 5651. [CrossRef] [PubMed]

Li, C.X,; Shi, M,; Tian, ].H.; Lin, X.D.; Kang, YJ.; Chen, L.J.; Qin, X.C.; Xu, J.; Holmes, E.C.; Zhang, Y.Z.
Unprecedented genomic diversity of RNA viruses in arthropods reveals the ancestry of negative-sense RNA
viruses. Elife 2015, 4, €05378. [CrossRef] [PubMed]

Oba, M.; Omatsu, T.; Takano, A.; Fujita, H.; Sato, K.; Nakamoto, A.; Takahashi, M.; Takada, N.; Kawabata, H.;
Ando, S.; et al. A novel Bunyavirus from the soft tick, Argas vespertilionis, in Japan. . Vet. Med. Sci. 2016, 78,
443-445. [CrossRef] [PubMed]

Xia, H.; Hu, C.; Zhang, D.; Tang, S.; Zhang, Z.; Kou, Z.; Fan, Z.; Bente, D.; Zeng, C.; Li, T. Metagenomic
profile of the viral communities in Rhipicephalus spp. ticks from Yunnan, China. PLoS ONE 2015, 10, e0121609.
[CrossRef] [PubMed]

Shimada, S.; Aoki, K.; Nabeshima, T.; Fuxun, Y.; Kurosaki, Y.; Shiogama, K.; Onouchi, T.; Sakaguchi, M.;
Fuchigami, T.; et al. Tofla virus: A newly identified Nairovirus of the Crimean-Congo hemorrhagic fever
group isolated from ticks in Japan. Sci. Rep. 2016, 6, 20213. [CrossRef] [PubMed]

23



Viruses 2016, 8, 164

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tokarz, R.; Williams, S.H.; Sameroff, S.; Sanchez Leon, M.; Jain, K.; Lipkin, W.I. Virome analysis of
Amblyomma americanum, Dermacentor variabilis, and Ixodes scapularis ticks reveals novel highly divergent
vertebrate and invertebrate viruses. J. Virol. 2014, 88, 11480-11492. [CrossRef] [PubMed]

Walker, PJ.; Widen, S.G.; Wood, T.G.; Guzman, H.; Tesh, R.B.; Vasilakis, N. A global genomic characterization
of nairoviruses identifies nine discrete genogroups with distinctive structural characteristics and host-vector
associations. Am. . Trop. Med. Hyg. 2016, 94, 1107-1122. [CrossRef] [PubMed]

Darwish, M.A.; Imam, I.Z.E.; Omar, EM. Complement-fixing antibodies against Abu Hammad and Abu
Mina viruses in mammalian sera from Egypt. J. Egypt. Public Health Assoc. 1976, 51, 51-54. [PubMed]
Quillien, M.C.; Monnat, J.Y.; Le Lay, G.; Le Goff, F; Hardy, E.; Chastel, C. Avalon virus, Sakhalin group
(Nairovirus, Bunyaviridae) from the seabird tick Ixodes (Ceratixodes) uriae White 1852 in France. Acta Virol.
1986, 30, 418-427. [PubMed]

Main, A.J.; Downs, W.G.; Shope, R.E.; Wallis, R.C. Avalon and Clo Mor: Two new Sakhalin group viruses
from the North Atlantic. |. Med. Entomol. 1976, 13, 309-315. [CrossRef] [PubMed]

Bres, P.; Cornet, M.; Robin, Y. Le virus de la Forét de Bandia (IPD/A 611), nouveau prototype d’arbovirus
isolé au Sénégal [The Bandia Forest virus (IPD/A 611), a new arbovirus prototype isolated in Senegal].
Ann. Inst. Pasteur (Paris) 1967, 113, 739-747. (In French) [PubMed]

Begum, F; Wisseman, C.L., Jr.; Casals, J. Tick-borne viruses of West Pakistan. III. Dera Ghazi Khan virus, a new
agent isolated from Hyalomma dromedarii ticks in the D.G.Khan District of West Pakistan. Am. ]. Epidemiol.
1970, 92, 195-196. [PubMed]

The Subcommitee on Information Exchange of the American Commitee on Arthropod-borne Viruses,
No. 226. Dugbe (DUG). Strain: AR 1792. Am. ]. Trop. Med. Hyg. 1970, 19, 1123-1124.

Chastel, C.; Main, A.].; Richard, P; le Lay, G.; Legrand-Quillien, M.C.; Beaucournu, J.C. Erve virus, a probable
member of Bunyaviridae family isolated from shrews (Crocidura russula) in France. Acta Viro 1989, 33, 270-280.
Radovsky, EJ.; Stiller, D.; Johnson, H.N.; Clifford, C.M. Descriptive notes on Ornithodoros ticks from gull nests
on the Farallon Islands and isolation of a variant of Hughes virus. J. Parasitol. 1967, 53, 890-892. [CrossRef]
Dandawate, C.N.; Shah, K.V. Ganjam virus: A new arbovirus isolated from Ticks Haemaphysalis Intermedia
Warburton and Nuttall, 1909 in Orissa, India. Indian ]. Med. Res. 1969, 57, 799-804. [PubMed]

Keirans, J.E.; Yunker, C.E.; Clifford, C.M.; Thomas, L.A.; Walton, G.A_; Kelly, T.C. Isolation of a Soldado-like
virus (Hughes group) from Ornithodorus maritimus ticks in Ireland. Experientia 1976, 32, 453—454. [CrossRef]
[PubMed]

Hughes, L.E.; Clifford, C.M.; Thomas, L.A.; Denmark, H.A.; Philip, C.B. Isolation and characterization of a
virus from soft ticks (Ornithodoros capensis group) collected on Bush Key, Dry Tortugas, Florida. Am. |. Trop.
Med. Hyg. 1964, 13, 118-122. [PubMed]

Philip, C.B. Hughes virus, a new arboviral agent from marine bird ticks. J. Parasitol. 1965, 51, 252. [CrossRef]
[PubMed]

Converse, ].D.; Moussa, M.I; Easton, E.R.; Casals, J. Punta Salinas virus (Hughes group) from Argas arboreus
(Ixodoidea: Argasidae) in Tanzania. Trans. R. Soc. Trop. Med. Hyg. 1981, 75, 755-756. [CrossRef]

The Subcommitee on Information Exchange of the American Commitee on Arthropod-borne Viruses,
No. 222. Qalyub (QYB). Strain: Ar 370. Am. ]. Trop. Med. Hyg. 1970, 19, 1115-1116.

Clifford, C.M.; Thomas, L.A.; Hughes, L.E.; Kohls, G.M.; Philip, C.B. Identification and comparison of two
viruses isolated from ticks of the genus Ornithodoros. Am. |. Trop. Med. Hyg. 1968, 17, 881-885. [PubMed]
Lvov, DK,; Timofeeve, A.A.; Gromashevski, V.L.; Chervonsky, VI, Gromov, A.lL; Tsynkin, Y.M.;
Pogrebenko, A.G.; Kostyrko, LN. “Sakhalin” virus—A new arbovirus isolated from Ixodes (Ceratixodes)
putus Pick.-Camb. 1878 collected on Tuleniy Island, Sea of Okhotsk. Arch. Gesamte Virusforsch. 1972, 38,
133-138. [CrossRef] [PubMed]

Yunker, C.E.; Clifford, C.M.; Thomas, L.A.; Cory, J.; George, ].E. Isolation of viruses from swallow ticks,
Argas cooleyi, in the southwestern United States. Acta Virol. 1972, 16, 415-421. [PubMed]

Jonkers, A.H.; Casals, J.; Aitken, TH.G.; Spence, L. Soldado virus, a new agent from Trinidadian Ornithodoros
ticks. J. Med. Entomol. 1973, 10, 517-519. [CrossRef] [PubMed]

Doherty, R.L.; Carley, ].G.; Murray, M.D.; Main, A ], Jr.; Kay, B.H.; Domrow, R. Isolation of arboviruses
(Kemerovo group, Sakhalin group) from Ixodes uriae collected at Macquarie Island, Southern Ocean. Am. |.
Trop. Med. Hyg. 1975, 24, 521-526. [PubMed]

24



Viruses 2016, 8, 164

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Thomas, L.A.; Clifford, C.M.; Yunker, C.E.; Keirans, J.E.; Patzer, E.R.; Monk, G.E.; Easton, E.R. Tickborne
viruses in western North America. I. Viruses isolated from Ixodes uriae in coastal Oregon in 1970. J. Med.
Entomol. 1973, 10, 165-168. [CrossRef] [PubMed]

Chastel, C.; Bach-Hamba, D.; Karabatsos, N.; Bouattour, A.; le Lay, G.; le Goff, E.; Vermeil, C. Tunis virus:
A new Phlebovirus from Argas reflexus hermanni ticks in Tunisia. Acta Virol. 1994, 38, 285-289. [PubMed]
Varma, M.G.; Bowen, E.T.; Simpson, D.I; Casals, J. Zirga virus, a new arbovirus isolated from bird-infesting
ticks. Nature 1973, 244, 452. [CrossRef] [PubMed]

Djikeng, A.; Halpin, R.; Kuzmickas, R.; Depasse, J.; Feldblyum, J.; Sengamalay, N.; Afonso, C.; Zhang, X,;
Anderson, N.G.; Ghedin, E.; et al. Viral genome sequencing by random priming methods. BMC Genom. 2008,
9, 5. [CrossRef] [PubMed]

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.]. 2011,
17,10-12. [CrossRef]

Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011,
27, 863-864. [CrossRef] [PubMed]

Boisvert, S.; Raymond, F.; Godzaridis, E.; Laviolette, F.; Corbeil, ]. Ray Meta: Scalable de novo metagenome
assembly and profiling. Genome Biol. 2012, 13, R122. [CrossRef] [PubMed]

Kumar, S.; Tamura, K.; Nei, M. MEGA3: Integrated software for molecular evolutionary genetics analysis
and sequence alignment. Brief. Bioinform. 2004, 5, 150-163. [CrossRef] [PubMed]

Martin, D.; Rybicki, E. RDP: Detection of recombination amongst aligned sequences. Bioinformatics 2000, 16,
562-563. [CrossRef] [PubMed]

Salminen, M.O.; Carr, ] K.; Burke, D.S.; McCutchan, F.E. Identification of breakpoints in intergenotypic
recombinants of HIV type 1 by bootscanning. AIDS Res. Hum. Retrovir. 1995, 11, 1423-1425. [CrossRef]
[PubMed]

Smith, ].M. Analyzing the mosaic structure of genes. J. Mol. Evol. 1992, 34, 126-129. [CrossRef] [PubMed]
Posada, D.; Crandall, K.A. Evaluation of methods for detecting recombination from DNA sequences:
Computer simulations. Proc. Natl. Acad. Sci. USA 2001, 98, 13757-13762. [CrossRef] [PubMed]

Holmes, E.C. Molecular epidemiology of dengue virus—The time for big science. Trop. Med. Int. Health 1998,
3, 855-856. [CrossRef] [PubMed]

Felsenstein, J]. PHYLIP—Phylogeny inference package (version 3.2). Cladistics 1989, 5, 164-166.

Bendtsen, ].D.; Nielsen, H.; von Heijne, G.; Brunak, S. Improved prediction of signal peptides: SignalP 3.0.
J. Mol. Biol. 2004, 340, 783-795. [CrossRef] [PubMed]

GSL Biotech LLC. SnapGene: Software for Everyday Molecular Biology. Available online: http:/ /www.
snapgene.com/ (accessed on 31 May 2016).

Von Heijne, G. Membrane protein structure prediction. Hydrophobicity analysis and the positive-inside rule.
J. Mol. Biol. 1992, 225, 487-494. [CrossRef]

Bendtsen, J.D.; Nielsen, H.; von Heijne, G.; Brunak, S. Improved prediction of signal peptides: SignalP 3.0.
J. Mol. Biol. 2004, 340, 783-795. [CrossRef] [PubMed]

Claros, M.G.; von Heijne, G. TopPred II: An improved software for membrane protein structure predictions.
Comput. Appl. Biosci. 1994, 10, 685-686. [CrossRef] [PubMed]

Kahsay, R.Y.; Gao, G.; Liao, L. An improved hidden Markov model for transmembrane protein detection and
topology prediction and its applications to complete genomes. Bioinformatics 2005, 21, 1853-1858. [CrossRef]
[PubMed]

Kall, L.; Krogh, A.; Sonnhammer, E.L. A combined transmembrane topology and signal peptide prediction
method. . Mol. Biol. 2004, 338, 1027-1036. [CrossRef] [PubMed]

Krogh, A.; Larsson, B.; von Heijne, G.; Sonnhammer, E.L. Predicting transmembrane protein topology with
a hidden Markov model: Application to complete genomes. J. Mol. Biol. 2001, 305, 567-580. [CrossRef]
[PubMed]

Burt, EJ.; Paweska, ].T.; Ashkettle, B.; Swanepoel, R. Genetic relationship in southern African Crimean-Congo
haemorrhagic fever virus isolates: Evidence for occurrence of reassortment. Epideniol. Infect. 2009, 137,
1302-1308. [CrossRef] [PubMed]

Hewson, R.; Gmyl, A.; Gmyl, L.; Smirnova, S.E.; Karganova, G.; Jamil, B.; Hasan, R.; Chamberlain, J.;
Clegg, C. Evidence of segment reassortment in Crimean-Congo haemorrhagic fever virus. J. Gen. Virol. 2004,
85, 3059-3070. [CrossRef] [PubMed]

25



Viruses 2016, 8, 164

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Lukashev, A.N. Evidence for recombination in Crimean-Congo hemorrhagic fever virus. J. Gen. Virol. 2005,
86, 2333-2338. [CrossRef] [PubMed]

Goedhals, D.; Bester, P.A.; Paweska, ].T.; Swanepoel, R.; Burt, EJ. Next-generation sequencing of southern
African Crimean-Congo haemorrhagic fever virus isolates reveals a high frequency of M segment
reassortment. Epidemiol. Infect. 2014, 142, 1952-1962. [CrossRef] [PubMed]

Zhou, Z.; Deng, F; Han, N.; Wang, H.; Sun, S.; Zhang, Y.; Hu, Z.; Rayner, S. Reassortment and migration
analysis of Crimean-Congo haemorrhagic fever virus. J. Gen. Virol. 2013, 94, 2536-2548. [CrossRef] [PubMed]
Carter, S.D.; Surtees, R.; Walter, C.T.; Ariza, A.; Bergeron, E.; Nichol, S.T.; Hiscox, J.A.; Edwards, T.A;
Barr, J.N. Structure, function, and evolution of the Crimean-Congo hemorrhagic fever virus nucleocapsid
protein. J. Virol. 2012, 86, 10914-10923. [CrossRef] [PubMed]

Dayer, M.R.; Dayer, M.S.; Rezatofighi, S.E. Mechanism of preferential packaging of negative sense genomic
RNA by viral nucleoproteins in Crimean-Congo hemorrhagic Fever virus. Protein . 2015, 34, 91-102.
[CrossRef] [PubMed]

Fajs, L.; Resman, K.; Avéi(:—Zupanc, T. Crimean-Congo hemorrhagic fever virus nucleoprotein suppresses
IFN-beta-promoter-mediated gene expression. Arch. Virol. 2014, 159, 345-348. [CrossRef] [PubMed]

Guo, Y,; Wang, W.; Ji, W.; Deng, M.; Sun, Y.; Zhou, H.; Yang, C.; Deng, F; Wang, H.; Hu, Z; et al.
Crimean-Congo hemorrhagic fever virus nucleoprotein reveals endonuclease activity in bunyaviruses.
Proc. Natl. Acad. Sci. USA 2012, 109, 5046-5051. [CrossRef] [PubMed]

Wang, W.; Liu, X.; Wang, X.; Dong, H.; Ma, C.; Wang, J.; Liu, B.; Mao, Y.; Wang, Y.; Li, T.; et al. Structural
and functional diversity of nairovirus-encoded nucleoproteins. J. Virol. 2015, 89, 11740-11749. [CrossRef]
[PubMed]

Wang, Y.; Dutta, S.; Karlberg, H.; Devignot, S.; Weber, F.,; Hao, Q.; Tan, Y.J.; Mirazimi, A.; Kotaka, M. Structure
of Crimean-Congo hemorrhagic fever virus nucleoprotein: Superhelical homo-oligomers and the role of
caspase-3 cleavage. J. Virol. 2012, 86, 12294-12303. [CrossRef] [PubMed]

Andersson, I; Bladh, L.; Mousavi-Jazi, M.; Magnusson, K.-E.; Lundkvist, A, Haller, O.; Mirazimi, A. Human
MXxA protein inhibits the replication of Crimean-Congo hemorrhagic fever virus. J. Virol. 2004, 78, 4323-4329.
[CrossRef] [PubMed]

Karlberg, H.; Tan, Y.J.; Mirazimi, A. Induction of caspase activation and cleavage of the viral nucleocapsid
protein in different cell types during Crimean-Congo hemorrhagic fever virus infection. J. Biol. Chem. 2011,
286, 3227-3234. [CrossRef] [PubMed]

Yates, C.M.; Filippis, L; Kelley, L.A.; Sternberg, M.J. SuSPect: Enhanced prediction of single amino acid
variant (SAV) phenotype using network features. J. Mol. Biol. 2014, 426, 2692-2701. [CrossRef] [PubMed]
Dunn, B.D.; Sakamoto, T.; Hong, M.S; Sellers, J.R.; Takizawa, P.A. Myo4p is a monomeric myosin with
motility uniquely adapted to transport mRNA. ]. Cell Biol. 2007, 178, 1193-1206. [CrossRef] [PubMed]
Bergeron, E.; Zivcec, M.; Chakrabarti, A.K.; Nichol, S.T.; Albarifio, C.G.; Spiropoulou, C.F. Recovery of
Recombinant Crimean Congo Hemorrhagic Fever Virus Reveals a Function for Non-structural Glycoproteins
Cleavage by Furin. PLoS Pathog. 2015, 11, €1004879. [CrossRef] [PubMed]

Sanchez, A.J.; Vincent, M.].; Erickson, B.R.; Nichol, S5.T. Crimean-Congo hemorrhagic fever virus glycoprotein
precursor is cleaved by furin-like and SKI-1 proteases to generate a novel 38-kilodalton glycoprotein. J. Virol.
2006, 80, 514-525. [CrossRef] [PubMed]

Vincent, M.J.; Sanchez, A J.; Erickson, B.R.; Basak, A.; Chretien, M.; Seidah, N.G.; Nichol, S.T. Crimean-Congo
hemorrhagic fever virus glycoprotein proteolytic processing by subtilase SKI-1. J. Virol. 2003, 77, 8640-8649.
[CrossRef] [PubMed]

Deyde, V.M.; Khristova, M.L.; Rollin, PE.; Ksiazek, T.G.; Nichol, S.T. Crimean-Congo hemorrhagic fever
virus genomics and global diversity. J. Virol. 2006, 80, 8834-8842. [CrossRef] [PubMed]

Sanchez, A J.; Vincent, M.].; Nichol, S.T. Characterization of the glycoproteins of Crimean-Congo hemorrhagic
fever virus. J. Virol. 2002, 76, 7263-7275. [CrossRef] [PubMed]

Poch, O.; Sauvaget, L; Delarue, M.; Tordo, N. Identification of four conserved motifs among the
RNA-dependent polymerase encoding elements. EMBO ]. 1989, 8, 3867-3874. [PubMed]

Miiller, R.; Poch, O.; Delarue, M.; Bishop, D.H.L.; Bouloy, M. Rift Valley fever virus L segment: Correction
of the sequence and possible functional role of newly identified regions conserved in RNA-dependent
polymerases. ]. Gen. Virol. 1994, 75, 1345-1352. [CrossRef] [PubMed]

26



Viruses 2016, 8, 164

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Das, K.; Arnold, E. Negative-strand RNA virus L proteins: one machine, many activities. Cell 2015, 162,
239-241. [CrossRef] [PubMed]

Reguera, J.; Gerlach, P.; Cusack, S. Towards a structural understanding of RNA synthesis by negative strand
RNA viral polymerases. Curr. Opin. Struct. Biol. 2016, 36, 75-84. [CrossRef] [PubMed]

Frias-Staheli, N.; Giannakopoulos, N.V.; Kikkert, M.; Taylor, S.L.; Bridgen, A.; Paragas, J.; Richt, ].A.;
Rowland, R.R.; Schmaljohn, C.S.; Lenschow, D.J.; et al. Ovarian tumor domain-containing viral proteases
evade ubiquitin- and ISG15-dependent innate immune responses. Cell Host Microbe 2007, 2, 404-416.
[CrossRef] [PubMed]

James, T.W.; Frias-Staheli, N.; Bacik, J.P; Levingston Macleod, ].M.; Khajehpour, M.; Garcia-Sastre, A.;
Mark, B.L. Structural basis for the removal of ubiquitin and interferon-stimulated gene 15 by a viral ovarian
tumor domain-containing protease. Proc. Natl. Acad. Sci. USA 2011, 108, 2222-2227. [CrossRef] [PubMed]
Capodagli, G.C.; Deaton, M.K.; Baker, E.A.; Lumpkin, R.J.; Pegan, S.D. Diversity of ubiquitin and ISG15
specificity among nairoviruses’ viral ovarian tumor domain proteases. . Virol. 2013, 87, 3815-3827.
[CrossRef] [PubMed]

Capodagli, G.C.; McKercher, M.A; Baker, E.A.; Masters, E.M.; Brunzelle, ].S.; Pegan, S.D. Structural analysis
of a viral ovarian tumor domain protease from the Crimean-Congo hemorrhagic fever virus in complex with
covalently bonded ubiquitin. J. Virol. 2011, 85, 3621-3630. [CrossRef] [PubMed]

Bakshi, S.; Holzer, B.; Bridgen, A.; McMullan, G.; Quinn, D.G.; Baron, M.D. Dugbe virus ovarian tumour
domain interferes with ubiquitin/ISG15-regulated innate immune cell signalling. J. Gen. Virol. 2013, 94,
298-307. [CrossRef] [PubMed]

Van Kasteren, P.B.; Beugeling, C.; Ninaber, D.K.; Frias-Staheli, N.; van Boheemen, S.; Garcia-Sastre, A.;
Snijder, E.J.; Kikkert, M. Arterivirus and nairovirus ovarian tumor domain-containing Deubiquitinases target
activated RIG-I to control innate immune signaling. J. Virol. 2012, 86, 773-785. [CrossRef] [PubMed]
Kinsella, E.; Martin, S.G.; Grolla, A.; Czub, M.; Feldmann, H.; Flick, R. Sequence determination of the
Crimean-Congo hemorrhagic fever virus L segment. Virology 2004, 321, 23-28. [CrossRef] [PubMed]
Landschulz, W.H.; Johnson, P.F.; McKnight, S.L. The leucine zipper: A hypothetical structure common to a
new class of DNA binding proteins. Science 1988, 240, 1759-1764. [CrossRef] [PubMed]

Hurst, H.C. Transcription factors. 1: bZIP proteins. Protein Profile 1994, 1, 123-168. [PubMed]

Shugars, D.C.; Smith, M.S.; Glueck, D.H.; Nantermet, P.V.; Seillier-Moiseiwitsch, F.; Swanstrom, R. Analysis
of human immunodeficiency virus type 1 nef gene sequences present in vivo. J. Virol. 1993, 67, 4639-4650.
[PubMed]

Singh, P.; Yadav, G.P,; Gupta, S.; Tripathi, A.K.; Ramachandran, R.; Tripathi, R.K. A novel dimer-tetramer
transition captured by the crystal structure of the HIV-1 Nef. PLoS ONE 2011, 6, €26629. [CrossRef] [PubMed]
Cowley, ].A.; McCulloch, R.J.; Spann, K.M.; Cadogan, L.C.; Walker, PJ. Preliminary molecular and biological
characterization of Mourilyan virus (MoV): A new bunya-related virus of penaeid prawns. In Diseases in
Asian Aquaculture V. Proceedings of the 5th Symposium on Diseases in Asian Aquaculture; Walker, PJ., Lester, R.G.,
Bondad-Reantaso, M.G., Eds.; Fish Health Section, Asian Fisheries Society: Manila, The Philippines, 2005;
pp. 113-124,

Mielke, N.; Muehlbach, H.P. A novel, multipartite, negative-strand RNA virus is associated with the ringspot
disease of European mountain ash (Sorbus aucuparia L.). J. Gen. Virol. 2007, 88, 1337-1346. [CrossRef]
[PubMed]

Mielke-Ehret, N.; Miihlbach, H.-P. Emaravirus: A novel genus of multipartite, negative strand RNA plant
viruses. Viruses 2012, 4, 1515-1536. [CrossRef] [PubMed]

Kakutani, T.; Hayano, Y.; Hayashi, T.; Minobe, Y. Ambisense segment 4 of rice stripe virus: Possible
evolutionary relationship with phleboviruses and uukuviruses (Bunyaviridae). ]. Gen. Virol. 1990, 71,
1427-1432. [CrossRef] [PubMed]

Bucher, E.; Sijen, T.; De Haan, P.; Goldbach, R.; Prins, M. Negative-strand tospoviruses and tenuiviruses
carry a gene for a suppressor of gene silencing at analogous genomic positions. J. Virol. 2003, 77, 1329-1336.
[CrossRef] [PubMed]

Falk, B.W.; Tsai, ].H. Biology and molecular biology of viruses in the genus Tenuivirus. Annu. Rev. Phytopathol.
1998, 36, 139-163. [CrossRef] [PubMed]

27



Viruses 2016, 8, 164

125.

126.

127.

128.

129.

Garry, C.E.; Garry, R.F. Proteomics computational analyses suggest that the carboxyl terminal glycoproteins
of Bunyaviruses are class II viral fusion protein (beta-penetrenes). Theor. Biol. Med. Model. 2004, 1, 10.
[CrossRef] [PubMed]

Reguera, J.; Weber, E; Cusack, S. Bunyaviridee RNA polymerases (L-protein) have an N-terminal,
influenza-like endonuclease domain, essential for viral cap-dependent transcription. PLoS Pathog. 2010, 6,
€1001101. [CrossRef] [PubMed]

Briese, T.; Calisher, C.H.; Higgs, S. Viruses of the family Bunyaviridae: Are all available isolates reassortants?
Virology 2013, 446, 207-216. [CrossRef] [PubMed]

Bao, Y., Chetvernin, V., Tatusova, T. Improvements to pairwise sequence comparison (PASC):
A genome-based web tool for virus classification. Arch. Virol. 2014, 159, 3293-3304. [CrossRef] [PubMed]
Bao, Y.; Kapustin, Y.; Tatusova, T. Virus classification by Pairwise Sequence Comparison (PASC). In
Encyclopedia of Virology, 3rd ed.; Mahy, B.W.]., Regenmortel, M.H.V., Eds.; Academic Press: Oxford, UK, 2008;
pp. 342-348.

® © 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).

28



viruses @g

Article

Genetic and Phylogenetic Characterization of
Tataguine and Witwatersrand Viruses and
Other Orthobunyaviruses of the Anopheles A,
Capim, Guamad, Koongol, Mapputta, Tete, and
Turlock Serogroups

Alexey M. Shchetinin 1 Dmitry K. Lvov 1, Petr G. Deriabin 1, Andrey G. Botikov 1
Asya K. Gitelman !, Jens H. Kuhn ? and Sergey V. Alkhovsky "

1 D.L Ivanovsky Institute of Virology, Gamaleya Federal Research Center for Epidemiology and Microbiology,

Ministry of Health of the Russian Federation, 123098, Moscow, Russia;
shchetinin.alexey@yandex.ru (A.M.S.); dk_lvov@mail.ru (D.K.L.); pg_deryabin@mail.ru (P.G.D.);
tessey@mail.ru (A.G.B.); gitelman_ak@mail.ru (A.K.G.)

Integrated Research Facility at Fort Detrick, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Fort Detrick, Frederick, MD 21702, USA; kuhnjens@mail.nih.gov

*  Correspondence: salkh@yandex.ru; Tel.: +7-499-190-3043; Fax: +7-499-190-2867

Academic Editors: Jane Tao and Pierre-Yves Lozach
Received: 2 September 2015; Accepted: 7 November 2015; Published: 23 November 2015

Abstract: The family Bunyaviridae has more than 530 members that are distributed among five genera
or remain to be classified. The genus Orthobunyavirus is the most diverse bunyaviral genus with
more than 220 viruses that have been assigned to more than 18 serogroups based on serological
cross-reactions and limited molecular-biological characterization. Sequence information for all three
orthobunyaviral genome segments is only available for viruses belonging to the Bunyamwera,
Bwamba/Pongola, California encephalitis, Gamboa, Group C, Mapputta, Nyando, and Simbu serogroups.
Here we present coding-complete sequences for all three genome segments of 15 orthobunyaviruses
belonging to the Anopheles A, Capim, Guamd, Kongool, Tete, and Turlock serogroups, and of two unclassified
bunyaviruses previously not known to be orthobunyaviruses (Tataguine and Witwatersrand viruses).
Using those sequence data, we established the most comprehensive phylogeny of the Orthobunyavirus
genus to date, now covering 15 serogroups. Our results emphasize the high genetic diversity of
orthobunyaviruses and reveal that the presence of the small nonstructural protein (NSs)-encoding
open reading frame is not as common in orthobunyavirus genomes as previously thought.

Keywords: Anopheles A virus; bunyavirus; Capim virus; Guamd virus; Koongol virus; orthobunyavirus;
Tataguine virus; Tete virus; Turlock virus; Witwatersrand virus

1. Introduction

The family Bunyaviridae ranks among the largest families of RNA viruses. The family has more
than 530 named members that are either assigned to the five included genera Hantavirus, Nairovirus,
Orthobunyavirus, Phlebovirus, or Tospovirus, or remain to be classified [1-3]. Many bunyaviruses can
cause disease in humans. These diseases commonly manifest as arthritides/rashes, fevers/myalgias,
pulmonary diseases, encephalitides, or viral hemorrhagic fevers [4]. In addition, bunyaviruses can
cause severe disease in wild and domesticated animals and wild or cultivated crop or ornamental
plants (tospoviruses only). The majority of bunyaviruses is transmitted among hosts by arthropods
(predominantly mosquitoes, ticks, sandflies, biting midges, or thrips), whereas hantaviruses are
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transmitted by contaminated excreta or secreta or bites of infected rodents, eulipotyphla, or bats [1,3].
In addition, several genus-level clades of insect-specific bunyaviruses (Ferak and Jonchet virus clades,
“goukoviruses”, “herbeviruses”, “phasmaviruses”) have been described recently. Among those,
“herbeviruses,” i.e., Herbert virus, Kibale virus, and Tai virus, form a deeply-rooted sister taxon to the
genus Orthobunyavirus [5,6].

Bunyaviruses have tripartite, negative-sense, single-stranded RNA genomes [7,8]. The three
linear genomic segments, commonly referred to as small (S), medium (M), and large (L) based on their
overall lengths, are characterized by complementary 3'- and 5'-untranslated regions (UTRs) that form
panhandle-like structures. The S segment encodes the nucleocapsid protein (N) and often a small
nonstructural protein (NSs). The M segment encodes a glycoprotein precursor polyprotein, which
after cleavage yields viral glycoproteins (Gn and Gc) and, in the case of some bunyaviruses, a small,
nonstructural protein (NSm). The L segment encodes the RNA-dependent RNA polymerase (RdRp, L).
The glycoproteins mediate virion entry into susceptible cells through endocytosis. L transcribes and
replicates the individual segments in the cytosol. Newly synthesized N encapsidates progeny RNA
genome segments to form ribonucleoprotein complexes that associate with a few molecules of RdRp.
These complexes acquire glycoprotein-containing envelopes upon budding into Golgi-derived vesicles
and egress from the host cell by exocytosis. The functions of the various nonstructural proteins are less
clear, but NSs has been identified as an interferon antagonist [7,8].

The genus Orthobunyavirus is the most complex genus of the family Bunyaviridae and currently
contains approximately 220 named viruses. The majority of these viruses were assigned to more than
18 different serogroups based on presence, lack, or extent of serological cross reactions using various
assays, such as complement fixation (CF), hemagglutination inhibition (HI), and neutralization test
(NT) [9-14]. Mostly within those serogroups, these orthobunyaviruses were assigned to 48 official
species [2]. Until recently, genomic sequence information was limited to some orthobunyaviruses of
the Bunyamwera, California encephalitis, Simbu, and Group C serogroups [15-23]. Recent advances
in next-generation sequencing have led to an acquisition of coding-complete and sometimes complete
genome sequences of some orthobunyaviruses from the Bwamba/Pongola, Gamboa, Mapputta, and
Nyando serogroups, and of several ungrouped viruses [24-28]. However, viruses of more than
10 serogroups remain to be characterized on the genomic level.

Here we report the first coding-complete genomic sequences of 15 distinct orthobunyaviruses
from the Anopheles A, Capim, Guama, Koongol, Mapputta, Tete, and Turlock serogroups (Table 1).

Viruses of the Anopheles A serogroup have been isolated from Aedes and Anopheles mosquitoes
mostly collected in South American and Caribbean countries. Eleven different viruses of this group
have been assigned to the two species Anopheles A orthobunyavirus (Anopheles A, Arumateua, Caraipé,
Las Maloyas, Lukuni, Trombetas, Tucurui viruses) and Tacaiuma orthobunyavirus (CoAr 1071, CoAr
3627, Tacaiuma, Virgin River viruses) [1,2,29-32]. We present coding-complete sequence information
for Lukuni virus, which was originally isolated from Aedes mosquitoes collected in 1955 in Trinidad
and Brazil [33], but has not been associated with human disease.

Capim serogroup viruses are classified into five species: Acara orthobunyavirus (Acara, Moriche
viruses), Benevides orthobunyavirus (Benevides virus), Bushbush orthobunyavirus (Benfica, Bushbush, Juan
Diaz viruses), Capim orthobunyavirus (Capim virus), and Guajard orthobunyavirus (Guajara virus). These
viruses are endemic to South and Northern America, where they are transmitted by mosquitoes among
small vertebrates [1,2,32]. We determined the coding-complete sequence of Capim virus and Guajara
virus. Capim virus was originally isolated from a trapped woolly opossum (Caluromys philander) in
1958 in Paré State, Brazil, and was also recovered from sentinel spiny rats (Proechimys spp.) and Culex
mosquitoes. Antibodies to the virus were detected in spiny rat sera, but not in human sera in Para
State. Guajard virus was first isolated from a sentinel Swiss laboratory mouse in Pard State, Brazil.
Additional isolates were obtained in South America from wild rodents and mosquitoes of different
species, and antibodies against the virus were detected repeatedly in spiny rats [11,34,35].
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The Guamé serogroup viruses are distributed among five established species: Bertioga
orthobunyavirus (Bertioga, Cananeia, Guaratuba, Itimirim, Mirim viruses), Bimiti orthobunyavirus (Bimiti
virus), Catii orthobunyavirus (Catt virus), Guamd orthobunyavirus (Ananindeua, Guama, Mahogany
Hammock, Moju viruses), and Timboteua orthobunyavirus (Timboteua virus) [1,2,32]. Guama serogroup
viruses are mostly endemic to South America. The exceptions are Guama and Mahogany Hammock
viruses, which were isolated in North America. Cata virus and Guama virus were isolated from
humans with fever/myalgia. Viruses of the Guamé serogroup are usually transmitted by culicine
mosquitoes among vertebrate hosts including bats, birds, marsupials, and rodents [34,36-39,47].
Here, we present coding-complete sequences for Bimiti, Catti, Guamd, Mahogany Hammock, and
Moju viruses.

The Koongol serogroup currently consists of Koongol virus and Wongal virus, both of which are
assigned to the species Koongol orthobunyavirus [1,2,32]. Both viruses were originally isolated in 1960
in Queensland, Australia, from Culex mosquitoes [40]. Koongol virus, newly sequenced here, was
also obtained from Ficalbia mosquitoes in New Guinea [35]. HI tests suggested that both Koongol and
Wongal viruses may be able to infect a range of mammals, marsupials, and possibly birds, and may be
widespread throughout Australia. However, these results were not confirmed using NT [48-50].

The Mapputta serogroup currently has seven members (Buffalo Creek, Gan Gan, Mapputta,
Maprik, Murrumbidgee, Salt Ash, Trubanaman viruses) that have not yet been assigned to
species [1,24,51]. Buffalo Creek virus and Murrumbidgee viruses [24,52,53] were isolated from
Anopheles mosquitoes collected in Northern Territory and Griffith, Australia, respectively. Mapputta
and Trubanaman viruses, which we have sequenced during this study, were initially isolated from
Anopheles mosquitoes, respectively, collected in Queensland, Australia in the 1960s [40,41]. Antibodies
against Trubanaman virus have been detected in humans and domestic and wild animals in different
parts of Queensland, and the virus is suspected to cause arthritis/rash in humans [42].

Viruses of the species Batama orthobunyavirus (Batama virus) and Tete orthobunyavirus (Bahig,
Matruh, Tete, Tsuruse, Weldona viruses) comprise the Tete serogroup [1,2,32]. Together with Bakau
virus (Bakau serogroup) and Estero Real virus (Patois serogroup), Tete serogroup viruses are the only
currently known classified orthobunyaviruses transmitted by ticks. We sequenced Bahig, Matruh, and
Tete viruses. Bahig and Matruh viruses, first discovered in 1966 and 1961, respectively [43], have been
repeatedly isolated from birds and ticks collected in Egypt and Italy; successful isolations have also
been made from birds trapped in Cyprus [54-56]. Tete virus, the prototype virus of the serogroup, was
originally isolated from a spotted-backed weaver bird (Ploceus cucullatus) collected in South Africa
in 1959 [44].

Finally, we sequenced Umbre virus, a virus of the Turlock serogroup that is represented by
viruses belonging to the two species M'Poko orthobunyavirus (M'Poko virus, Yaba-1 virus) and Turlock
orthobunyavirus (Lednice virus, Turlock virus, Umbre virus) [1,2]. Turlock serogroup viruses are
distributed in Africa, Asia, Europe, and Northern and South America. Umbre virus was initially
isolated from Culex bitaeniorhynchus mosquitoes collected in Poona (today Pune), India in 1955 [44].
Additional virus isolates were obtained from Culex mosquitoes and birds in India and Malaysia.
Anti-Umbre virus antibodies could be detected in sera collected from wild birds and sentinel chickens
from Malaysia [35].

In addition, we determined coding-complete genomic sequences of two unclassified members
of the family Bunyaviridae, Tataguine virus and Witwatersrand virus (Table 1). Tataguine virus was
initially recovered from pooled Culex and Anopheles mosquitoes collected in Senegal in 1962 [57]. This
virus is widespread in Africa as evidenced by isolation from areas of today’s Cameroon, Central African
Republic, Ethiopia, Nigeria, and Senegal [45,58-64]. Tataguine virus is a known human pathogen;
infected patients present with fever, headache, rash, and joint pain [63-65]. Witwatersrand virus was
originally isolated from Culex mosquitoes collected in Germiston, South Africa, in 1958 [46]. Additional
isolates were obtained from Culex mosquitoes, sentinel hamsters, and various rodents sampled in
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Mozambique, South Africa, and Uganda. Antibodies to Witwatersrand virus also have been detected
in human sera, although the virus has not been associated with human disease [66].

Our data unequivocally identify both viruses as members of the genus Orthobunyavirus and largely
confirm the previously deduced relationships of the remaining 15 viruses using serological assays.

2. Materials and Methods

2.1. Viral Genomic RNA Isolation and Library Preparation

Orthobunyairuses were obtained from the Russian State Collection of Viruses in the form of
lyophilized infected suckling mouse brains (Table 1). Total RNA was isolated from vials with 1 mL
of TRI Reagent (Molecular Research Center, Cincinnati, OH, USA). Total RNA was additionally
purified using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany) followed by ribosomal
RNA depletion using the GeneRead rRNA Depletion Kit (Qiagen) according to the manufacturers’
instructions. Purified RNA was reverse-transcribed with RevertAid Reverse Transcriptase (Thermo
Fisher Scientific, Grand Island, NY, USA) using hexameric random primers (Promega, Madison,
WI, USA). First strand cDNA was converted to double-stranded cDNA using the NEBNext Second
Strand Synthesis Module (New England BioLabs, Ipswich, MA, USA) according to the manufacturer’s
instructions. Resulting dsDNA was used to prepare next-generation sequencing libraries using the
TruSeq DNA LT Library Prep Kit (Illumina, San Diego, CA, USA). A paired-end 250-bp protocol was
used for sequencing indexed libraries on an Illumina MiSeq instrument.

2.2. Bioinformatic and Phylogenetic Analyses

Primary analysis of sequencing data and de novo genome assembly were performed with CLC
Genomics Workbench 7.0 (CLC bio, Waltham, MA, USA). Open reading frame (ORF) analysis and
general work with assembled contigs were performed using the Lasergene 11.0.0 (DN AStar, Madison,
WI, USA) software package. After de novo assembly of trimmed reads, BLASTx (BLAST, basic
local alignment search tool, open-source software) analysis was performed against orthobunyaviral
sequences, and matching contigs were extracted. All resulting contigs contained parts of non-coding
terminal regions and full-length ORFs corresponding to their matches in the BLASTx search. Identified
ORFs were translated, and the resulting amino acid (aa) sequences were used in further analyses.
Deduced aa sequences of the proteins encoded by sequenced orthobunyaviral genome segments and
corresponding sequences of selected representatives of already characterized orthobunyaviruses were
aligned using all available multiple sequence alignment methods implemented on M-Coffee server [67]
and only columns with a score of 5 or higher were retained. N, glycoprotein precursor polyprotein,
and RdRp final alignment lengths were 240, 1412, and 2331 aa residues, respectively. Most suitable
models of protein evolution were predicted with open-source ProtTest 3.2 for three alignments [68].

Phylogenetic trees were inferred using MrBayes 3.2.4 [69] under LG + G + I model for N and
LG + G + I + F model for glycoprotein precursor polyprotein and RdRp alignments, with 1,000,000
generations and a 25% burn-in value. Maximum likelihood (ML) phylogenies were inferred using
MEGAG6 with the same protein evolution models and 1000 bootstrap replicates. Consensus trees were
visualized with TreeGraph 2.4 [70].

Signal peptide cleavage sites of orthobunyaviral glycoprotein precursors were determined from
deduced aa sequences using SignalP 4.1 Server [71]. Transmembrane domains of glycoprotein
precursors were predicted using the same sequences and open-source TMHMM Server v 2.0 [72].
Putative N-glycosylation sites were determined with the open-source NetNGlyc 1.0 Server [73].

3. Results

Segment-specific ORF-based phylogenies of the genus Orthobunyavirus, including previously and
newly characterized viruses, are presented in Figure 1.
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Figure 1. Protein sequence-based phylogenies of orthobunyaviruses. Phylogenies were inferred

for (a) N; (b) glycoprotein precursor polyprotein; and (c) L proteins using Bayesian and Maximum
Likelihood analyses. The LG + I + G model of amino acid (aa) substitution was used for inferring
the N protein phylogeny, whereas the LG + I + G + F model was used to investigate glycoprotein

precursor polyprotein and L protein phylogenetic relationships. Numbers represent Bayesian posterior

probabilities (Maximum Likelihood bootstrap values). “Herbeviruses” (Herbert virus, Kibale virus, and
Tai virus) [5,6] were used to root the phylograms. Trees are drawn to scale measured in substitutions
per site. In (a), viruses that encode NSs proteins are marked in blue, whereas viruses that do not are
marked in red. Viruses studied in the present work are depicted in bold. GenBank accession numbers

and serogroups are to the right of virus names.

3.1. Anopheles A Serogroup

Genomic data of the Anopheles A serogroup orthobunyaviruses were thus far limited to S segment
sequences of Anopheles A and Tacaiuma viruses [74]. Here, we expanded this sequence space by
adding the complete coding sequences of Lukuni virus. Based on the obtained genomic data, Lukuni
virus is closely related to Anopheles A virus (71.5% aa nucleocapsid sequence identity) and is more

distantly related to Tacaiuma virus (53.9% nucleocapsid sequence identity).

3.2. Guamd and Capim Serogroups

All Guama serogroup members studied in the present work (Bimiti, Catti, Guamd, Mahogany
Hammock, Moju viruses) clustered together in all three phylogenetic trees (Figure 1), and formed a
monophyletic group along with Capim [34,35] and Group C serogroup viruses. The Group C serogroup
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includes four species: Caraparu orthobunyavirus (Apet, Bruconha, Caraparti, Ossa, Vinces viruses),
Madrid orthobunyavirus (Madrid virus), Marituba orthobunyavirus (Gumbo Limbo, Marituba, Murutuct,
Nepuyo, Restan, Zungarococha viruses), and Oriboca orthobunyavirus (Itaqui, Oriboca viruses) [1,2].
Group C serogroup viruses were originally thought not to be related to Guama group viruses, but a
low level of HI cross-reactivity between them links these groups of viruses [47].

The measured divergence of Guama serogroup viruses is somewhat inconsistent among
phylogenies inferred for different viral proteins (Figure 1). For instance, based on the phylogenies
obtained for N and L proteins, Guam4, Catt, Moju, and Bimiti viruses are more closely related to each
other than to Mahogany Hammock virus, although exhibiting different branching orders inside the
group. Additionally, analysis of the glycoprotein precursor polyproteins pairs Moju virus with Guama
virus, Mahogany Hammock virus, and Capim serogroup viruses. Taken together, these discrepancies
suggest that all examined Guama group viruses may be reassortants.

The most obvious example of this observation is the relationship between Catti BeH 151 and
Guamd BeAn 277 viruses, which were found to be almost identical when compared by their N protein
sequences, differing only by two aa (99.2% sequence identity). However, their glycoprotein precursor
polyprotein and L protein sequences are more divergent (64.5% polyprotein identity, 95.8% L protein
identity). These data are in agreement with original studies that distinguished these two viruses in NT,
but not in CF tests [37]. The observed relationships between Catti and Guama viruses support the idea
that one or both of the viruses may be reassortants.

Capim and Guajaré viruses fall basal to viruses of the Guamad group phylogenies inferred for N
and L proteins, but are placed inside the Guamad serogroup in the glycoprotein precursor polyprotein
phylogeny (Figure 1). Capim and Guajard viruses are one-way reactive with Guamd, and Catti and
Guama viruses, respectively, in NT but not in CF assays. Interestingly, no reactivity between Capim
and Guajard viruses was found in NT [35]. Bushbush virus, another member of the Capim serogroup,
has similar cross-reactivity in NT but not in the CF assay with Bimiti and Catt viruses of the Guama
serogroup [35]. The observed phylogenetic and antigenic relationships between Guama and Capim
serogroup viruses might indicate that their ancestors were inter-group reassortant viruses that shared
an M segment. If validated by further experiments and analyses, this finding may be of significance
for orthobunyavirus taxonomy, as thus far reassortment has only been observed among viruses of the
same orthobunyaviral species and this restriction has been used as one of the official orthobunyavirus
species demarcation criteria [2].

3.3. Mapputta Serogroup

The obtained genomic sequences of Mapputta virus MRM186 is more than 99% identical to the
sequences of the same isolate reported previously [24], and all identified nucleotide (nt) substitutions
are synonymous. These substitutions likely arose due to different passaging and maintenance
procedures. Our phylogenetic analysis placed Trubanaman virus firmly inside the Mapputta serogroup
and revealed its close relationship to two previously characterized viruses: Buffalo Creek virus and
Murrumbidgee virus [24,52,53]. The N protein divergence of Buffalo Creek, Murrumbidgee, and
Trubanaman viruses does not exceed 2.1%, suggesting that Buffalo Creek and Murrumbidgee viruses
are different isolates of Trubanaman virus rather than distinct viruses. An increasing need for further
characterization of this group of viruses is indicated by evidence that Buffalo Creek virus [52] and
Trubanaman virus are suspected as human pathogens [42].

3.4. Tete Serogroup

Sequence information for this serogroup was limited to the S segment of Tete and Batama
viruses [74] and a partial Weldona virus M segment sequence. We provide complete coding sequences
for three Tete serogroup viruses: Tete, Bahig, and Matruh viruses. Interestingly, the S segment
sequence of Tete virus SAAn 3518 obtained here differs slightly from that previously reported [74]. The
conflicting region is located closer to the C-terminus of the N protein and, in our case, is represented
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by a characteristic amino acid motif (G58-S164) found in all other N protein sequences belonging to
Tete group viruses, but not in the Tete virus SAAn 3518 sequence reported earlier. Our analyses reveal
Bahig and Matruh viruses to be closely related, with 98.8%, 99.1%, and 87.2% aa identities among their
N, L, and glycoprotein precursor polyprotein sequences. This observed relationship is in agreement
with the results of CF tests, which showed that these viruses were practically indistinguishable, and
HI tests, which proved them to be easily distinguishable [35]. The obtained phylogenetic tree topology
and branching order of Tete serogroup viruses (Figure 1) is consistent among the three segments.

Two unclassified bunyaviruses, 1612045 virus (GenBank HM627179-81) and Oyo virus (GenBank
HM639778-80) form a monophyletic group with Tete serogroup viruses, with Oyo virus falling basal to
the other viruses in this group. While the measured nt and aa identities of 1612045 virus with other
orthobunyaviruses clearly indicate its taxonomic status as a member of Tete serogroup, Oyo virus is
indeed distinct and may represent a distinct species in the genus Orthobunyavirus.

3.5. Koongol and Turlock Serogroups

Here we report coding-complete sequences of all three genomic segments of Koongol and Umbre
viruses. The sequence of the Umbre virus IG1424 M segment is more than 99% identical to a previously
published M segment of the same isolate [75]. Phylogenetic analysis placed Koongol and Umbre
viruses along with unclassified Witwatersrand virus (see below) into a monophyletic group regardless
of the protein assayed for tree reconstruction. These viruses also share a last common ancestor with
Gamboa serogroup viruses, which are exclusively distributed in North and South America.

Genomic sequence information for the Turlock serogroup was thus far limited to partial Umbre
virus M segment sequences. We expanded the sequence space of this serogroup by determining the
coding-complete Umbre virus genome sequence and confirmed the relationship of Umbre virus to
Kongool and Witwatersrand viruses (Figure 1).

3.6. Tataguine and Witwatersrand Viruses (Unassigned Bunyaviruses)

We present sequence information for Tataguine virus, the closest relative of which appears to be
Lukuni virus, with 47.5% aa identity for N, 35.5% aa identity for glycoprotein precursor polyprotein,
and 53.5% aa identity for L. Anopheles A and Anopheles B group viruses, along with Tataguine virus,
form a monophyletic group with Tataguine virus at its base. Our data indicate that Tataguine virus
may have to be assigned to a new species in the genus Orthobunyavirus.

As mentioned above, based on the obtained phylogenies, Witwatersrand virus clusters together
with Umbre (Turlock serogroup) and Koongol (Koongol serogroup) viruses in the same branching
order independent of the analyzed protein. The closest relative of Witwatersrand virus is Koongol
virus (48.5% to 59.6% aa identities for the three proteins), indicating that Witwatersrand virus should
be classified as an orthobunyavirus.

3.7. Characteristics of S Segments: N and NSs proteins

The N proteins of bunyaviruses encapsidate viral RNA and are major CF determinants [3]. The
lengths of the N proteins of the examined orthobunyaviruses range from 234 aa residues for Koongol
virus (Kongool serogroup) to 258 aa for Bahig, Matruh, and Tete viruses (Tete serogroup) (Table 2). Our
studies confirm that Tete serogroup viruses possess the longest N proteins in the genus Orthobunyavirus
with unique extensions predominantly located at the amino termini [74].
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RANNRAQAAVWKGL ILPLSLSHGVTWE - - HGY ILYMSFTPGAEMFMDTFMFYPVAIG I YRAKQDPEQAQYLKKALRQRYAGQK - AEVWMVKHQKDVQAAVEEVSKLPWTKS SMSEAARQFLAKFGIKI - -
QAGNKKQAE IWKGV INP IALSHGVTWE - - HGHL I YMSFAPGAEMFMDTFSFYPLAIG IFRAKQDPEQAQYLKKALRQRYNGQK - AEVWMQKNQKDVQMAVEE ITKLPWTKS SMSEAARQFLSKFG IKI - -

IREKIVNP [AESLGISWD
~1QQNTVNP IAESLG ITWS
- - IQKNIVNP [AESLG ITWD
- - IQKNIVNP IAESLG ITWD
- - IHKNTVNP IAEAVG ITWE

GIQLQIINP IAESNG IKWS - - AGAEVYLSFFPGTEMFLEKFNFYPLAIG | YRVKKGMMEAQFLKKSLRQRYGQMT - ADQWMQTKS DDVMRAVAVLEKLSWGRSGLSEAARQFLGRFG IV - - - -
-G IQLQIVNP IAESNG IKWS - - AGAE I YLSFFPGTEMFLEKFNEYPLAIG I YRVKRGMMDAQYLKKALRQRYGNLT - ADQWMQS KS DDVLRAIAVLEKLQWGKSGLS EAARQFLGKFGILI - - - -
~-VEATIKNP IAESKGVGWK - -DGPNVYLSFFPGTEMFMLEFKFYPLAVGLVRCHKEKMDTE YLKKPMRQMLTDGTRAQDWLTNR I AE IRSAYKVCS SLKFSKSGFSEAAREFLKEFELA - - -
- -VEKTIINP IAESKGVTWK - -EGANIYLSFFPGTEMFMLEFRFFPLAVGLARCHKEKMDTE YLKKPMRQMLTDGTKAQVWLGAK I EE IRKAYKVCMNLKF VKAGFS EAAREFLKEFGLDQDRN -
~VEQT I INP IAESKGVTWK - -DGANVYLSFFPGTEMFMLEFKFFPLAVGLARCHKEKMDTE YLKKPMRQMLTDGTKAQVWLGAK IEE IRKAYKVCMALKFSKAGFSEAAREFLREFNLDQDKH -
~VEATIKNP [AESKGVGWK - -DGPNVYLSFFPGTEMEMLEFKE YPLAVGLVRCHKEKMDTE YLKKPMRQMLTDGTRAQDWLANR IGE IRS AYKVCS SLKFSKSGFS EAAREFLKEFELA - - -
- INANIVNP IAESKGVTWA- -NGPRIYLSFLPGTEMFMLEFKFFPLAVGLARCAKEGMDVE YLKKPMRQ ILTDGS KPADWLFGK I DE IKRAHKVCMS LKFARSG INEAMAKFLAEFEL - - - -
~VEKT I INP IADSKGVTWK - -ERGKCISCFFPGTEMFMLEFKFFPLAVGLARCHKEKMDTE YLKKPMRQMLTDGTKAQVWLGAK IEE IRKAYKVCMNLKFVKAGFS EAAREFLKEFGLDQDKN - - -
VEKT I [NP [AESKGVIWK -
KAGERE - _AITTKIVNP ISAKMGFQWS - - VGPEIYLSTLPGTEMFLDT
“EAAAT IVMPLAEVKGCTWS - -DGYAMYLGFAPGAEMFLETFEFYPLV IDMHRY |KDGMDVNFMRKVLRQRYGQLT - AEEWMTS KLDAVKAAFGS VAQ I SWAKSGF S PAARAFLAQFG Q1 - -
~EFRATVVVPLAEVKGCTWN - -DGDAMYLGFAAGAEMFLQTFTFFPLVIEMHRVLKDGMDVNFMKKVLRQRYGQKT - Asowus:|VAVRMFEAvorLAwanspuunnwmml..
EGITV- -

DPEQAEQATIKSKIINP IAESNG I TWNN+DGAE+YLSFFPGTEMFLETFKFYPLAIG I YRVQKGEMDPQYLKKALRQRYGGLTKAE + WMTQK I VEVQAALKVVSKLPWGKSGLS AAAREFLAKFG IN+P+ IRSALRK

Figure 2. Amino-acid alignment of orthobunyaviral nucleocapsid protein sequences. Alignment was
performed on 118 nucleocapsid sequences belonging to different orthobunyaviruses using the Clustal
algorithm with default settings as implemented in Jalview 2.9 [76], followed by hiding all but selected
representatives of the serogroups. Sites that are strictly conserved among all aligned sequences are
depicted in red. Consensus histograms, calculated for all aligned sequences, represent proportions of
sites matching corresponding positions of the consensus sequence.

Forty-six aa of the N protein are conserved among the previously determined 51 sequences of
orthobunyaviruses from the Bunyamwera, California, Group C, and Simbu serogroups [77]. Our
analyses reveal that only 11 aa of these 46 aa are strictly conserved among the N proteins of Anopheles
A, Anopheles B, Bunyamwera, Bwamba, California, Capim, Gamboa, Guaméd, Group C, Koongol,
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Turlock, Nyando, Simbu, and Tete serogroup viruses (Figure 2). Five of these 11 aa (F26, P125, G131,
K179, W193) are crucial for Bunyamwera virus mini-replicon rescue. Two of those aa, K179 and W193,
are likely involved in RNA synthesis, and two other aa residues, P125 and G131, are thought to play a
role in ribonucleoprotein packaging [77].

A number of researchers have evaluated whether NSs is involved in the immune response to
orthobunyavirus infections. Despite not expressing NSs, Tacaiuma virus (Anopheles A serogroup)
antagonizes host interferon (IFN) production through a yet unrecognized mechanism [74] and is
associated with human febrile illness [35]. Similarly, Mapputta serogroup viruses, such as Maprik
virus and Buffalo Creek virus, do not encode NSs, but are linked to human diseases [24]. Two out of
17 orthobunyaviruses studied in the present work, Umbre virus (Turlock serogroup) and Witwatersrand
virus (ungrouped orthobunyavirus), encode NSs proteins of 79 and 111 aa, respectively (previously
characterized orthobunyaviruses: 62 (Group C serogroup) to 130 aa (Gamboa serogroup)). Neither
of the two viruses has been associated with human disease. In contrast, known human pathogens,
such as the febrile disease-causing ungrouped Tataguine virus and Guamad and Catt viruses (Guama
serogroup), do not encode NSs. These findings suggest that the presence or absence of an NSs-encoding
OREF alone does not predic human pathogenicity. Additionally, the presence of an NSs-encoding ORF
is far less common for orthobunyaviruses than previously thought as only viruses from 8 out of
15 sequenced serogroups do encode this nonstructural protein.

3.8. Characterization of M segments: Glycoprotein Precursor Polyprotein and Gn and Gc Proteins
Cleavage Products

Each orthobunyavirus M segment contains a single continuous ORF encoding a glycoprotein
precursor polyprotein that is cotranslationally cleaved into glycoprotein Gn, the nonstructural protein
NSm, and the glycoprotein Ge [78]. Among the polyprotein sequences derived from the sequenced
M segments of our study, the Koongol virus glycoprotein precursor polyprotein (1105 aa) is notably
smaller than all other glycoprotein precursors of orthobunyaviruses, which range in size from 1370 aa
in the case of Mapputta virus to 1448 aa in the case of Witwatersrand virus, Table 1. A strictly
conserved arginine residue of the glycoprotein precursor polyprotein sequences of all sequenced
orthobunyaviruses (position 302 in the prototype Bunyamwera virus) is believed to mark the cleavage
site between Gn and NSm proteins [78]. Therefore, Koongol virus Gn is comparable in size with Gn of
other orthobunyaviruses whilst its Gc and NSm proteins are notably shorter.

Regions highly similar to the fusion peptide identified in La Crosse virus glycoprotein precursor
polyprotein (positions 1066-1087) are present in the predicted polyproteins of the sequenced
orthobunyaviruses of all serogroups. Ten out of twenty-two La Crosse virus fusion peptide aa are
strictly conserved across the genus. This finding indicates that all orthobunyavirus Ge glycoproteins
have analogous functions and thereby act as class II fusion proteins [79]. Supporting this hypothesis is
the finding that the overall topology of orthobunyaviral glycoprotein precursor polyprotein appears
to be conserved based on the number of conserved cysteine residues (ranging from 67 in the case
of Matruh virus (Tete serogroup) to 78 in the case of Guama virus (Guamd serogroup)). Once again,
Koongol virus (Koongol serogroup) is the outlier with only 57 cysteine residues [80-82].

N-glycosylation of viral membrane proteins plays a crucial role in correct protein folding and
functioning, including receptor binding, membrane fusion, and cell-penetration processes [83].
All three predicted N-glycosylation sites of the membrane glycoproteins of Bunyamwera virus
(Bunyamwera serogroup) are indeed glycosylated. Glycosylation of Bunyamwera virus Gn’s N60
site is essential for correct protein folding of both Gn and Gc [84]. Interestingly, this glycosylation
site is highly conserved among almost all previously sequenced orthobunyaviruses, with the notable
exception of Maprik virus (Mapputta serogroup) [24]. NetNGlyc 1.0 server predicted this glycosylation
site to be present in the Gn proteins of all viruses sequenced in this study, with the exception of
Lukuni virus (Anopheles A serogroup) and ungrouped Tataguine viruses. In general, glycosylation
site locations were moderately conserved in orthobunyaviruses belonging to the same serogroup,
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but were not consistent among all viruses of the genus Orthobunyavirus. Finally, with the exception
of Koongol virus, transmembrane prediction using hidden Markov models (TMHHM) 2.0 generally
predicted the same distribution and type of transmembrane regions for the glycoprotein precursor
polyprotein sequences of the analyzed viruses, which included two transmembrane domains in Gn,
three in NSm, and one in Ge. The Koongol glycoprotein precursor polyprotein has four predicted
transmembrane regions, lacking two domains usually located at the C-terminal half of NSm.

3.9. Characterization of L Segments: RNA-Dependent RNA Polymerase

The L sequence aa lengths of the studied orthobunyaviruses are comparable to those of
previously studied viruses, ranging from 2241 aa in the case of Lukuni virus to 2293 aa in the case
of Umbre virus (Table 2). Tete group (Bahig, Matruh, and Tete viruses) L (2280-2281 aa) possesses a
serogroup-characteristic 24 aa insertion (E2185-E2208) at the C terminus. Umbre and Witwatersrand
virus L possess several aa at the very end of the C terminus that are not conserved among other viruses.
All analyzed L sequences have the same well-conserved topology, consisting of four distinct regions
with readily distinguishable RNA-dependent RNA polymerase motifs pre-A to E inside the POL III
block. The proposed site-active domain SDD1163-5 of Bunyamwera virus [85] is strictly conserved
among all previously and newly characterized orthobunyaviruses.

4. Discussion

The family Bunyaviridae was originally established to group viruses that produce morphologically
similar and often serologically cross-reactive virions [86]. Largely non-sequence-based efforts [9-14]
further grouped the members of this family into various serogroups [87,88], which were later assembled
in higher-order taxa, i.e., the currently accepted genera Hantavirus, Nairovirus, Orthobunyavirus,
Phlebovirus, and Tospovirus [2,89]. Recent large-scale efforts to sequence the genomes of bunyaviruses
and other segmented negative- or ambisense-stranded RNA viruses revealed that numerous novel
bunyaviruses cannot be assigned to the five existing genera and that a plethora of viruses that are clearly
related to bunyaviruses do not fit their classical definition of being trisegmented, i.e., arenaviruses,
emaraviruses, tenuiviruses, and Mourilyan virus [1,5,23,28,90-109]. The International Committee on
Taxonomy of Viruses (ICTV) Bunyaviridae Study Group has therefore recently initiated discussions
on a taxonomic re-evaluation of the entire bunyavirus-like supergroup with the ultimate goal to
establish a novel taxonomy that adequately reflects the phylogenetic relationships of all these viruses.
Unfortunately, the genomic “sequence space” of the supergroup is still very limited, thereby impeding
those efforts.

Within the classic orthobunyavirus group, genomic sequence information was limited to viruses
of 10 of 18 serogroups [15-28]. Our work expands this sequence space by adding coding-complete
genomic information on viruses of an additional five serogroups. Our efforts largely confirm the
relationships of the studied viruses that had been established previously by non-sequence-based
(serological) techniques. Despite the high genetic diversity of the orthobunyaviruses, reflecting their
wide geographic distribution and variety of ecological features, the viruses of each serogroup are
grouped together within the appropriate lineage on the three phylogenetic trees. Since the members
of the Bunyaviridae family possess segmented genomes, the phenomenon of segment reassortment
plays a significant role in their evolution [110]. Earlier, it was shown that many members of the genus
Orthobunyavirus are intra-group reassortants. Our data show that all examined viruses of the Guamd
serogroup are in all likelihood genome segment reassortants. Furthermore, viruses of the Guama and
Capim serogroups form a monophyletic lineage on the tree inferred for the glycoprotein polyprotein
precursor protein (M segment), suggesting inter-group reassortment of M segments in their natural
history. Another important observation that could be made is the classification of Witwatersrand virus
and Tataguine virus as likely members of two new novel species in the genus Orthobunyavirus.

Finally, our data show that presence of an ORF encoding an NSs protein is not a universal feature
for orthobunyaviruses. Among the viruses of 15 orthobunyavirus serogroups for which genomic
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data are now available, only viruses of eight serogroups along with Witwatersrand virus encode NSs
proteins. Therefore, the presence or absence of NSs protein should not be considered as a taxonomic
characteristic of the genus Orthobunyavirus, but may be important for differentiating pathogenic from
nonpathogenic viruses.

Our analyses advance the overall resolution of orthobunyavirus phylogeny. Although sequence
information for the 3’ and 5 genomic segment termini could not obtained in this study, we are
confident that the determined phylogenetic placement on the phylogenetic tree of all viruses studied
here will hold. Complementation of our results by genomic sequences of viruses from the remaining
unsequenced orthobunyavirus serogroups should allow official taxonomic re-organization of the genus
Orthobunyavirus.
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Abstract: The Rift Valley fever virus (RVFV) M-segment encodes the 78 kD, NSm, Gn, and Gc
proteins. The 1st AUG generates the 78 kD-Gc precursor, the 2nd AUG generates the NSm-Gn-Gc
precursor, and the 3rd AUG makes the NSm’-Gn-Gc precursor. To understand biological changes
due to abolishment of the precursors, we quantitatively measured Gn secretion using a reporter
assay, in which a Gaussia luciferase (gLuc) protein is fused to the RVFV M-segment pre-Gn region.
Using the reporter assay, the relative expression of Gn/gLuc fusion proteins was analyzed among
various AUG mutants. The reporter assay showed efficient secretion of Gn/gLuc protein from the
precursor made from the 2nd AUG, while the removal of the untranslated region upstream of the
2nd AUG (AUG2-M) increased the secretion of the Gn/gLuc protein. Subsequently, recombinant
MP-12 strains encoding mutations in the pre-Gn region were rescued, and virological phenotypes
were characterized. Recombinant MP-12 encoding the AUG2-M mutation replicated slightly less
efficiently than the control, indicating that viral replication is further influenced by the biological
processes occurring after Gn expression, rather than the Gn abundance. This study showed that,
not only the abolishment of AUG, but also the truncation of viral UTR, affects the expression of Gn
protein by the RVFV M-segment.

Keywords: Rift Valley fever virus; M-segment; Gn; 78 kD; NSm; precursor; expression strategy;
reporter assay; reverse genetics

1. Introduction

Rift Valley fever (RVF) is a mosquito-borne zoonotic disease affecting humans and ruminants. The
disease was originally endemic to sub-Saharan Africa, but it has since spread to Egypt, Madagascar,
Saudi Arabia, and Yemen [1,2]. RVF causes a high-rate of abortion in sheep, cattle, and goats, and
hemorrhagic fever, encephalitis, or blindness in humans [3]. The mortality rate of RVF patients is
considered to be less than 0.5% to 1% [3,4]. However, RVF outbreaks have been known to involve
a large number of patients: For example, 20,000 to 200,000 infections and 600 deaths in Egypt in
1977-1978. Floodwater Aedes mosquitoes can transovarially transmit RVFV [5]. These eggs are resistant
to draught, and flooding, due to heavy rainfall, facilitates the hatching of infected eggs [1]. RVF is an
important public health and agricultural concern, and vaccination of susceptible animals is important
to minimize the spread of disease [6]. Though live-attenuated RVF vaccines are available for veterinary
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use in endemic countries, RVF outbreaks still occur in Africa and the surrounding countries, indicating
the requirement of more effective control measures.

Rift Valley fever virus (RVFV: genus Phlebovirus, family Bunyaviridae) is comprised of three
segmented, negative-stranded RNA: the Large (L), Medium (M), and Small (S)-segments. The
L-segment encodes the RNA-dependent RNA polymerase (L protein). The S-segment encodes
nucleocapsid (N) and nonstructural S (NSs) proteins in an ambi-sense manner, and the NSs protein is
dispensable for viral replication. However, the NSs serves as the major virulence factor for RVF, and
counteracts host antiviral responses by shutting-off host general transcription, including the interferon
(IFN)-B gene, and promoting the posttranslational degradation of transcription factor (TF)IIH p62
subunits and dsRNA-dependent protein kinase (PKR) [7-13]. The M-segment encodes the envelope
glycoproteins Gn and Ge, and two accessory proteins, NSm and 78 kD [14-16]. The Kozak consensus
sequence (5-GCC RCC AUG G-3') affects translation initiation efficiency, through the nucleotides
located at the —6, —3 and +4 positions in vertebrate cells [17]. In the RVFV M mRNA, the first AUG is
surrounded by a weak Kozak context (5'-CAU UAA AUG U-3), for vertebrate cells [18]. On the other
hand, the 2nd AUG partially matches the Kozak context (5-CCA GAG AUG A) via the guanosine
at the —3 position. As a result, RVFV M-segment allows a leaky scanning of the ribosome at the 1st
AUG [17]. Thus, two polypeptides can be generated using those two initiation codons starting at nt.
21 (1st AUG) and 135 (2nd AUG) (Figure 1A). The precursor protein from the 1st AUG is cleaved
to produce 78 kD and Gc, while the precursor from the 2nd AUG is cleaved to produce NSm, Gn,
and Gc. When the 2nd AUG is abolished, the precursor from the 3rd AUG generate NSm’, Gn, and
Gc [18]. Since the 3rd, 4th, or 5th AUG are also able to generate Gn-Gc precursors, the 2nd AUG can be
abolished without affecting the expression of Gn and Ge.

The live-attenuated RVF MP-12 vaccine is safe and efficacious in ruminants, and is conditionally
licensed for veterinary use in the U.S. [19-24]. However, the MP-12 vaccine lacks a marker for
the differentiation of infected from vaccinated animals (DIVA). The NSm and 78 kD proteins are
dispensable for viral replication [25,26]. Based on the strong immunogenicity, a recombinant
MP-12 vaccine encoding an in-frame truncation in the 78 kD/NSm region in the M-segment
(rMP12-ANSm21/384) is considered as one of the next generation of MP-12 vaccines. The
rMP12-ANSm21/384 lacking both 78 kD and NSm induces apoptosis earlier than parental rMP-12 in
Vero E6, 293, and J774.1 cells [25]. In another study, the C-terminal (aa. 71-115) region of the NSm
protein, which overlaps with NSm’, a truncated NSm generated from the 3rd AUG, was shown to be
sufficient to suppress apoptosis [27]. NSm and NSm’ localize to the mitochondrial outer membrane,
through the C-terminal transmembrane domain [18,27]. Thus, an rMP-12 strain lacking the 78 kD
and NSm proteins would be a viable candidate vaccine as it would have good immunogenicity and a
DIVA marker.

Since the 78 kD and NSm/NSm’ proteins are synthesized from distinct precursor polyproteins
made from the 1st and 2nd AUG (i.e., 78 kD-Gc and NSm-Gn-Gec, respectively), the alteration of the 1st
or 2nd AUG may also affect the synthesis of Gn or Ge. Using recombinant vaccinia viruses, Suzich et al.
analyzed the impact of specific AUG abolishment (i.e., AUG to CUC substitution) in the pre-Gn region
on Gn expression levels. The abolishment of the 1st AUG (A1) slightly increased the Gn expression,
whereas the abolishment of the 2nd AUG (A2), the 2nd and 3rd AUGs (A2 + 3), the 2nd, 3rd, and 4th
AUGs (A2 + 3 + 4), or the 2nd, 3rd, 4th and 5th AUGs (A2 + 3 + 4 + 5) decreased the accumulation
of Gn, compared to that from the parental wild-type M-segment. Thus, the “default” NSm-Gn-Gc
precursor protein from the 2nd AUG is apparently more efficient than the NSm’-Gn-Gc precursor
(from the 3rd AUG) or the Gn-Gc precursors (from the 4th or 5th AUGs), for Gn expression. However,
further quantitative analysis of Gn expression changes by AUG alterations will be required to correctly
understand the impact of mutagenesis in the M-segment start codons.
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Figure 1. Gene expression of the RVFV M-segment and pCAGGS-PreGn-gLuc-SE. (A) The polypeptides
synthesized from the 1st AUG (78 kD-Gc) or the 2nd AUG (NSm-Gn-Gc) are cleaved by signal
peptidases [14,16,28]. The 78 kD protein and Gc are generated from the 78 kD-Gc precursor, while
NSm, Gn, and Gc are made from the NSm-Gn-Gc precursor; (B) the pre-Gn region was fused to the
gLuc ORF lacking the intrinsic signal peptide, which allows for secretion from the cell via Gn signal
peptide. The Gn/gLuc precursor-1 makes a chimeric protein consisting of the pre-Gn region and gLuc,
while the Gn/gLuc precursor-2 generates NSm and the Gn/gLuc fusion protein.

Little information is available about the consequence of pre-Gn region mutagenesis in terms
of viral phenotypes, other than the expression of 78 kD or NSm/NSm’. We hypothesized