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Abstract

Bluetongue virus (BTV), transmitted by midges (Culicoides sp), is distributed worldwide and causes disease in
ruminants. In particular, BT can be a debilitating disease in sheep causing serious trade and socio-economic
consequences at both local and global levels. Across Australia, a sentinel cattle herd surveillance program
monitors the BTV activity. Prior to 2014, BTV-1, -2, -3, -7, -9, -15, -16, -20, -21 and -23 had been isolated in
Australia, but no bluetongue disease has occurred in a commercial Australian flock. We routinely use a combi-
nation of serology, virus isolation, RT-PCR and next generation and conventional nucleotide sequencing tech-
nologies to detect and phylogenetically characterize incursions of novel BTV strains into Australia. Screening
of Northern Territory virus isolates in 2015 revealed BTV-5, a serotype new to Australia. We derived the com-
plete genome of this isolate and determined its phylogenetic relationship with exotic BTV-5 isolates. Gene seg-
ments 2, 6, 7 and 10 exhibited a close relationship with the South African prototype isolate RSArrrr/5. This
was the first Australian isolation of a Western topotype of segment 10. Serological surveillance data highlighted
the antigenic cross-reactivity between BTV-5 and BTV-9. Phylogenetic investigation of segments 2 and 6 of
these serotypes confirmed their unconventional relationships within the BTV serogroup. Our results further
highlighted a need for a revision of the current serologically based system for BTV strain differentiation and
importantly, implied a potential for genome segments of pathogenic Western BTV strains to rapidly enter
Southeast Asia. This emphasized a need for continued high-level surveillance of vectors and viruses at strategic
locations in the north of Australia The expansion of routine characterization and classification of BTV to a
whole genome approach is recommended, to better monitor the presence and level of establishment of novel
Western topotype segments within the Australian episystem.

Keywords: bluetongue virus, serology, phenotype, genotype, topotype, whole genome.

Correspondence: John White, Molecular Diagnostics, CSIRO-AAHL, Geelong, VIC, Australia. E-mail: john.white@csiro.au
and
Debbie Eagles, Head, Diagnosis, Surveillance and Response Group, CSIRO-AAHL, Geelong, VIC, Australia. E-mail:
debbie.eagles@csiro.au

Introduction

Bluetongue virus (BTV) strains (genus: Orbivirus,

family Reoviridae) have a worldwide distribution and

are responsible for a potentially debilitating disease

in ruminants expressed as an epithelial cell pathology

of varying intensity, primarily involving mucous

membranes and the lining of blood vessels. Virus

transmission is normally via the bite of a haemato-

phagous midge vector (Culicoides sp). A range of

livestock and wild animal species are susceptible

to infection but rarely exhibit signs of disease

(MacLachlan et al. 2009). However, the capacity for

BTV to produce severe disease in sheep can result in

serious trade and socio-economic consequences for

affected local communities and global trade (Saeger-

man et al. 2008). Cattle rarely show clinical disease

but are readily infected and are an epidemiologically

important reservoir for BTV (Barrattboyes &

MacLachlan 1994; MacLachlan 1994). The BTV
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genome contains ten segments of double-stranded

RNA that encode an RNA polymerase, expressed by

segment 1(Seg-1) and two enzymatic proteins

involved in viral genome assembly, VP4 and VP6

(Seg-4 and -9 respectively), which are encased within

an icosahedral virus capsid. This comprises the inner

core VP3 protein (Seg-3), a further outer core pro-

tein, VP7 (Seg-7) arranged in interconnected tri-

meric structures and a diffuse outercoat comprising

proteins VP2 and VP5 (Seg-2 and Seg-6 respectively)

(Hewat et al. 1992, 1994). Gene segments 5, 8 and 10

code for three non-structural proteins (NS1, NS2 and

NS3 respectively) (Mertens et al. 1984; Vandijk &

Huismans 1988; Roy 1989, 1992) and a second trun-

cated form of NS3, lacking the first 13 aa (NS3a), is

generated from a second initiation site (French et al.

1989). A fourth non-structural protein (NS4) and a

putative fifth non-structural protein (NS5) are

expressed from overlapping ORF’s (+ 1 reading

frame shift) present on Seg-9 and Seg-10 respectively

(Belhouchet et al. 2011; Stewart et al. 2015).

The outercoat protein VP2 possesses virus neutral-

ization epitopes which elicit the unique immune

responses that are serologically assayed to differenti-

ate individual BTV serotypes (Howell & Verwoerd

1971; Huismans & Erasmus 1981). At least 27 sero-

types have been documented to date (Erasmus 1990;

Maan et al. 2016). However, the rapid output from

next-generation nucleic acid sequencing technologies

has enabled the development of BTV-specific quanti-

tative reverse transcriptase polymerase chain reac-

tion (RT-PCR) assays which, together with the

application of phenotyping software algorithms, play

an increasingly significant role in initial BTV detec-

tion and serotype confirmation (Maan et al. 2007,

2015; Rao et al. 2013, 2016). This work has also

revealed that two broad ancestral lineages exist

worldwide. Western isolates encompass Africa, Eur-

ope and the Americas, and Eastern isolates predomi-

nate in Australia, Japan, China, India and Southeast

Asia (Mertens et al. 2007; Maan et al. 2008, 2015;

Rao et al. 2013). Further genotypic sub-groups have

also been documented within each region (Bonneau

et al. 1999; Van Niekerk et al. 2003). In the Aus-

tralian –Southeast Asian region, at least five such

genotypes have been proposed (Pritchard et al.

2004). These studies, alongside more recent evi-

dence, have clearly demonstrated that BTV continu-

ally enters northern Australia via infected Culicoides

(of varying species) transported on seasonally occur-

ring, prevailing winds from specific island sites within

Southeast Asia (Eagles et al. 2012, 2013; Bellis et al.

2015). However a clear attribution of geographic ori-

gin to individual virus isolates can be problematic

due to a very high level of gene segment reassort-

ment resulting from mixed infections in both vector

and host (Carpi et al. 2010; Boyle et al. 2012, 2014;

Nomikou et al. 2015). Hence a new serotype incur-

sion may rapidly reassort with genes from an ende-

mic and or another recently introduced exotic strain

or even vaccine strains (Br�eard et al. 2003; Batten

et al. 2008; Maan et al. 2010).

In Australia, eight serotypes of BTV were identi-

fied between 1975 and 1986 (BTV-1, -3, - 9, -15, -16, -

20, -21 and -23) (St George et al. 2001). Two decades

later, concomitant with increasing reports of BTV

transmission throughout the world (Purse et al. 2005;

Carpenter et al. 2009; MacLachlan et al. 2013), Aus-

tralia experienced further incursions of three new

BTV serotypes, BTV-7 (2007), BTV-2 (2008) and

most recently, BTV-12 (2015) (Eagles et al. 2014;

Lunt et al. 2009; Maan et al. 2015; National Arbo-

virus Monitoring Program 2015). Despite the pro-

longed presence of BTV in Australia, there have

been no reports of established bluetongue disease in

commercial sheep populations. This is believed to be

primarily due to the major sheep grazing areas exist-

ing in the south of the country where there is very

limited and/or sporadic overlap with the known

range of the most widespread BTV competent vector

in Australia, Culicoides brevitarsis (St.George 1985;

Standfast et al. 1992). Additionally, the majority of

BTV serotypes appear to be exclusively concentrated

in the far northern regions of the Northern Territory

and Western Australia, with a more limited group of

serotypes periodically entering Northern Queensland

(BTV-1, -2, -15, -16, -21) with only BTV-1 and -21

being consistently isolated in greater Queensland

and further south in New South Wales, over a pro-

longed time period (Firth et al. 2017).

In this report, we describe the first isolation and

genomic characterization of another BTV serotype
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novel to Australia and investigate its genetic related-

ness to previously documented Australian, Eastern

and Western regional BTV gene pools. We also pro-

vide retrospective serological and molecular evi-

dence of incursions of BTV-5 into Western Australia

prior to its first formal identification.

Methods

Virus isolation and propagation

Blood was collected routinely from cattle at National

Arbovirus Monitoring Program (NAMP) managed

sentinel herds held at Beatrice Hill (12° 34’S 131°

6’E), Northern Territory and periodically from herds

near Kununurra (15° 46’S 128° E), Western Australia

and from Northern Australia Quarantine Strategy

(NAQS) managed herds around Kalumburu (14°

30’S 126° 64’E), Western Australia. Virus isolation

on the Beatrice Hill collections was conducted at

Berrimah Veterinary Laboratories where 50 lL of

whole blood was lysed in 450 lL of sterile distilled

water and inoculated into 10-11 day old embryonated

chicken eggs as previously described (Gard & Kirk-

land 1993). This was followed by one passage in C6/

36 cells at 24°C in MEM medium (Invitrogen, Aus-

tralia) supplemented with 10% foetal bovine serum

(Serana, Australia) and two passages in BHK-21

BSR cells at 37°C in MEM supplemented with 10%

foetal bovine serum. Cattle bloods collected at both

Beatrice Hill and Kununurra; and the Beatrice Hill

virus isolations were sent for confirmatory testing to

the Australian Animal Health Laboratory (AAHL),

where they were again passaged and further titrated

in BHK-21 BSR cells. Viral titres were calculated as

previously described (Reed & Muench 1938).

Antigen detection and serotyping

The presence of BTV strains amongst the viruses iso-

lated from blood samples were detected using an

immunofluorescent antibody (IFA) test (Blacksell &

Lunt 1993) and/or an antigen detection ELISA

(Stanislawek et al. 1996) at the Berrimah Veterinary

Laboratories and further characterized using virus

neutralization tests (Gard & Kirkland 1993). The

serum neutralization test (SNT) incorporated sero-

type-specific reference antiserum sourced from the

Onderstepoort Veterinary Institute, Republic of

South Africa (RSA). Antisera collected from NAMP

sentinel herds were tested for the BTV type-specific

antibodies using the virus neutralization test (VNT)

where virus concentration remained constant (100

TCID50). Where cross reaction between individual

serotypes occurred, a plaque reduction neutralization

test (PRNT) (Della-Porta et al. 1981) was employed

to resolve serotype identification.

Molecular characterization

Viral dsRNA isolation

Total RNA was extracted from either original blood

samples and or virus infected cell cultures using the

MagMAX - 96 Viral RNA Kit (Ambion, Life Tech-

nologies, USA) and a MagMAX Express – 96 nucleic

acid extraction device (ThermoFisher, Australia).

BTV genome confirmation

Initial confirmation of the presence of viral genome

was via a BTV serogroup generic TaqMan assay tar-

geting Seg-10, essentially following a standard proto-

col (Hofmann et al. 2008). Briefly, the AgPath-IDTM

One-Step RT-PCR system (Applied Biosystems) was

used with the following run conditions, 1 cycle [45°C

for 10 min, 95°C for 10 min] then 45 cycles [95°C for

15 sec, 60°C for 45 sec] and a final hold at 4°C. Cycle

threshold (Ct) values <37.0 were deemed positive.

Capillary sequencing

Conventional PCR was performed on RNA extracts

of positive samples using in-house designed sero-

type-restricted primer sets, each targeting Seg-2 and

Seg-6. Following electrophoresis on 2% agarose gels,

bands of the expected size were excised and purified

using a QIAquick Gel Extraction Kit (Qiagen,

Valencia, CA). The concentration of purified

dsRNA was determined using a NanoDrop UV

Spectrophotometer (NanoDrop Technologies, Rock-

land, DE). Viral dsRNA was denatured by heating
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at 95°C for 5 min and immediately placing on ice.

Denatured RNA was then transcribed into cDNA

and amplified using the Superscript III One Step

RT-PCR System incorporating Platinum Taq DNA

polymerase (Life Technologies) following the manu-

facturer’s instructions. Resultant amplicons were

subjected to Sanger sequencing carried out using the

BigDye terminator v3.1 kit on an Applied Biosys-

tems 3130xl Genetic Analyser. Trace files were anal-

ysed using ChromasPro 1.34 (Technelysium).

Genotyping

BTV positive samples were further tested to deter-

mine their Seg-3 genotype as previously described

(Pritchard et al. 2004). Briefly, the Seg-3 specific

primers, BTV A196Fwd (5’ - ACCGCACAG-

CAGCTTAATGATGTTAG - 3’) and BTV A203Rev

(5’- ATACGCTGCCTCCGAGTCCTTACC - 3’)

were used to amplify a 384 bp region. Amplification

utilized a SuperScript III One-Step RT-PCR System

with Platinum Taq DNA Polymerase (Invitrogen).

Cycling conditions were 1 cycle [50°C for 30 min, 95°C

for 2 min], 35 cycles [94°C for 15 sec, 50°C for 30 sec

and 68°C for 1 min], 1 cycle 68°C for 5 min, and a final

hold at 4°C. The resultant amplicon was sequenced

and analysed.

Whole genome sequencing

Isolation of BTV dsRNA. Two 150-cm2 cultures of BHK-

21 BSR cells at 80% confluence were inoculated at a

multiplicity of infection of 0.1 for each virus isolate.

The infected cells were harvested 4–5 days post-

inoculation when CPE had reached 50–70%. Adher-

ent cells were removed by a cell scraper and pel-

leted by centrifugation at 1000g for 5 min at room

temperature. The pellet was dissolved in RLT plus

buffer and RNA was extracted using an RNeasy

Plus Mini Kit (QIAGEN), following manufacturer’s

instructions.

Preparation of BTV ds cDNA. The extracted nucleic acid

was treated with RQ1 DNase (Promega), heat dena-

tured at 95°C for 5 min then snap cooled on ice.

Complementary DNA was reverse transcribed using

the Superscript III system (Invitrogen) in the

presence of 50 ng of random hexamers and 0.5 ng

of primers specific to the 5’ and 3’ ends common

to all BTV genome segments (5’ = GTTAAAN =

3’ = and 5’ = GTAAGTN = 3’ = respectively) (Mer-

tens & Sangar 1985) and digested with RNase H

(New England Biolabs). Double-stranded cDNA was

prepared by treatment of the cDNA with the NEB

Klenow fragment, following the manufacturer’s

instructions. The cDNA was purified using a MiniE-

lute PCR Purification Kit (Qiagen) and quantified

using the Qubit dsDNA HS Assay Kit (Thermo

Fisher Scientific), prior to library preparation for next

generation sequencing.

High-throughput genomic sequencing and sequence

assembly. DNA library preparation was performed

using 1 ng of cDNA product with the Nextera XT

DNA Library Preparation Kit (Illumina, San Diego,

CA), according to the manufacturer’s instructions.

Paired-end sequencing of 250 bp fragments was per-

formed using the MiSeq reagent kit V2 (500 cycles) in

a multiplex format (309) and MiSeq Sequencing Sys-

tem (Illumina). Bioinformatics analysis of sequence

data was conducted using CLC Genomics Workbench

(v9.5.3 Qiagen) with default parameters. After quality

control and quality trimming, a combination of read

mapping and de novo assembly methods was per-

formed to construct a consensus sequence for each

BTV genome segment. Where necessary a small pro-

portion of gap filling was provided by referring to the

capillary sequence data previously obtained for the

relevant segments. Final consensus sequences are

available in the GenBank database under the acces-

sion numbers MG924986 through MG924995.

Sequence and phylogenetic analyses

Bluetongue virus sequences from this study were

aligned with reference sequences using the MUS-

CLE algorithm implemented in MEGA7 (Kumar

et al. 2016). Maximum Likelihood (ML) trees were

constructed for complete ORF sequences of Seg-2

(position 18-2885 nt) and Seg-6 (29-1609 nt) and par-

tial Seg-3 sequence (1123-1506 nt) using best fit sub-

stitution models estimated in MEGA7 for each

alignment. Reliability of the inferred trees was tested
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by the bootstrap method using 1000 replicates. Pair-

wise distances were determined at the nucleotide

and amino acid level for each gene segment using

the p-distance model in MEGA7.

Results

Virus isolation and serological characterization

Virus isolations were made in 2014–2015 primarily at

the Berrimah Veterinary Laboratories, Northern

Territory, from sentinel cattle held at Beatrice Hill

Farm (BHF) near Darwin. A smaller number of iso-

lates came from cattle held at both Berrimah

Research Farm and Douglas Daly Research Farm

(DDRF), the latter located approximately 200 km

further south of Darwin (13° 500S, 131° 110E). Two
separate batches of virus isolates were received at

the Australian Animal Health Laboratory (AAHL)

in March (comprising bloods collected in January

2015) and May (bloods collected between September

2014 and April 2015) for serotype identification and

genetic characterization. Testing against reference

antiserum to all available exotic and Australian sero-

types in the SNT revealed 15 isolates were neutral-

ized by sheep antisera raised to the South African

reference strain RSArrrr/05 (BTV-5 RSA). Several

isolates were also neutralized by RSArrrr/09 (BTV-9

RSA) antisera (Table S1). Where cross reactions

were observed, SNT titres generally were ≥ fourfold

higher to BTV 5 RSA reference sera than to BTV-9

RSA antisera. All of these isolates were positive for

BTV when tested in the generic BTV TaqMan assay

(Ct values ranging from 10.9 to 14.2). Five isolates

(V9230, V9233 and V9235 from BHF, and V9323

and V9324 from DDRF) were selected for subse-

quent molecular analyses.

Molecular characterization

Seg-2 sequence analysis

As a result of the SNT findings, Seg-2 specific pri-

mers were designed to detect BTV-5 based upon

existing GenBank sequence data for South African

(JX272570, KP821101, AJ585126), African (AJ58518

2, AJ585181) and French (Gaudeloupe Island)

(HQ241072) isolates. Due to the observation of sig-

nificant cross reaction of isolates with antisera raised

to BTV-9 in the SNT assay, similar primer sets were

also designed for detection of BTV-9, accommodat-

ing both the Australian isolate DPP837 and a num-

ber of selected exotic isolates (Table 1). Both BTV-5

and BTV-9 specific primer sets amplified approxi-

mately 98% of Seg-2 of the respective RSA reference

strains where these were used as positive controls

(results not shown). Amplicons were obtained for

three isolates V9230, V9233 and V9235, using BTV-

5-specific primers alone and analysed by capillary

sequencing. The resultant consensus sequence for

each isolate covered at least 97% of the coding

region of Seg-2 and were used in a BLAST

(NCBI) search. High-nucleotide identity levels were

observed (≥98.7%) with four recently published

BTV-5 isolates from China (GenBank Accession

numbers KT945042 through to KT945045) (Yang

et al. 2017), the prototype RSA strain RSArrrr/05

(95.3%) and a Cameroon strain of BTV-5

(CAR1982/02) (95.9%) (Table S2). The earliest evi-

dence for BTV-5 presence in Australia based upon

SNT data was isolate V9302 derived from blood col-

lected at BHF on 27th November 2014. However iso-

late V9230 from blood collected in January 2015 at

BHS (V9230) was selected as the prototype Aus-

tralian strain and therefore reassigned the isolate

number DPP9230.

Genotyping by Seg-3 sequence analysis

Genotyping analysis using a 384 bp product ampli-

fied from Seg-3, revealed the three Australian BTV-

5 isolates from the February submission (DPP9230,

V9233 and V9235) plus a further two isolates sero-

logically positive for BTV-5 from the May submis-

sion (V9323 and V9324) (GenBank accession

numbers MG924988, MH4430224, MH4430225,

MH4430222 and MH4430223 respectively), all occu-

pied the Malaysia A sub-group within the Eastern

BTV topotype. (Pritchard et al. 2004) (Figure 1).

Highest levels of nucleotide sequence identity were

observed with Seg-3 sequences from the Malaysian

isolate BTV-1/53 (96.9–97.1%) and the Australian

BTV-20 isolate V3598 (96.6–96.9%).
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Whole genome sequencing

The open reading frames of all ten genome segments

of DPP9230 (herein designated BTV-5AUS) were

sequenced using next-generation sequencing meth-

ods (GenBank accession numbers MG924986

through MG924995 respectively). Sequences for Seg-

2, -3 and -6 were in agreement with those obtained

from capillary sequencing. BLASTn� analysis of

each of the 10 genome segments revealed a mixture

of potential ancestral lineages. Segments 1,5 and 8 all

had high-nucleotide sequence identity (≥ 98%) with

the analogous genes of the prototype Australian

BTV-7 isolate (DPP6936) and Australian BTV-1 iso-

lates (Table 2). Additionally, Seg-4 had highest

levels of nucleotide identity with a Chinese isolate of

BTV-1 (Y863) and the Australian prototype strain of

BTV-2 (DPP7291). Segment 9 also showed strong

alignment with Taiwanese isolates of BTV-2 and

BTV-12. For Seg-6, Seg-7 and Seg-10, the closest

genetic identities were with viruses of Western origin

(RSA). This represents the first documented account

of a Western topotype Seg-10 in Australia.

To further investigate the relative genetic relation-

ships of Australian serotypes with those from the

Western region, a comparison of Seg-2 sequence

data for representative isolates from both regions

was undertaken. This revealed that Australian iso-

lates of BTV-5 and BTV-7 possessed much greater

nucleotide similarities with their equivalent Western

lineage prototypes (94.9% and 92.8% respectively)

than the remaining endemic serotypes, BTV-1, -2, -3,

-9 and -15 (collectively <75% nt) (Table S3).

Retrospective serological and molecular testing

of sentinel herd virus isolates

The observed serological cross reaction of BTV-5

AUS isolates with reference antiserum to BTV-9

RSA (Table S1), led us to re-analyse serum samples

taken during 2014 (from July to November) from

sentinel herds stationed at Kununurra and Kalum-

buru in the northeast of Western Australia. These

field sera were previously only tested in the VNT

using the known complement of Australian BTV ser-

otypes and only demonstrated significant reactivity

with BTV-9 AUS. Upon retesting by VNT, all sam-

ples previously neutralized by BTV-9 antiserum gen-

erally gave equivalent or stronger end-point

neutralizing antibody titres to the newly isolated

BTV-5 AUS (Table S4). When these samples were

further tested in the more sensitive PRNT, antibody

titres were highest against BTV-5 AUS. Where reac-

tions with BTV-9 were observed, titres were ≤ four-

fold lower than those involving BTV-5. Furthermore,

15 blood clots associated with the samples taken

from animals stationed near Kununurra in October

2014 were re-tested in the generic BTV TaqMan

Table 1. Primer sets used in capillary sequencing reactions for detection of the Seg-2 gene of BTV-5 and BTV-9

Serotype Primer Sets Sequence 5’ - 3’ Region amplified Product size

(Start - Finish) (bp)

BTV-5 FOR-VP2-8 GCTTCTCAGGATGAGTTCGGT 12–1039 1027

REV-5-VP2-1060a TCCGTAGCGCAGATCAGCAAT

REV-5-VP2-1060b TCAGTGGCACAAATCAGCAAT

FOR- 5-VP2-1570a CGATCTTTAGCACGAGGTACA 1590–2107 517

REV-5-VP2-2108 GTCTGCCATCACCTCTCGAT

FOR-5-VP2-894 TGGAAGAAGAACCTAAGGATGA 917–2876 1959

REV-5-VP2-2900 CTCATGTCACTGAGACTAAACGTTC

BTV-9 FOR-9-VP2-4 AGTTATCTAGGATGGATGGACGA 9–979 972

FOR-9-VP2-44 TCGAGCAACGTACCACACGAT 65–979 914

REV-9-VP2-980 CTCACATTCTGCATGATGTTGGT

FOR-9-VP2-1636 CTAAGAGTCCAGATCCAGCAGT 1635–2089 454

REV-9-VP2 2080 GCTTGATGAGCGAATGATATG

FOR-9-VP2-894 ATGCAGAGGAAGAACCCAAGGAC 911–2871 1960

REV-9-VP2-2900 CTCATGTCACTGGGACTATACATTC
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assay and RNA extracts from two resultant BTV

positive samples (Ct values 34.8 and 32.2) were used

as template for BTV-5 Seg-2 specific RT-PCR

(Table 1). Nucleotide sequence matches of 100%

with the Seg-2 sequence of the prototype isolate

DPP9230 over a 517 bp region were found for both

samples, however virus isolation proved unsuccess-

ful. These data and the earlier SNT data (Table S1),

Australia A

Australia B

S. Africa

N. America

Malaysia A

Fig. 1. Maximum likelihood phylogenetic tree showing the relationships of partial RNA Seg-3 sequences (384 nt.) of the Australian BTV-5 pro-

totype isolate DPP9230 and related isolates (highlighted by closed circles) with corresponding reference sequences belonging to discrete geno-

types within the Eastern topotype (Pritchard et al. 2004). The tree was drawn using Tamara-3 parameter model with invariant sites and rooted

using the North American, South African and Australia B lineages. Numbers at the nodes represent bootstrap support as a percentage of 1000

replicates; only values >50% are shown. The scale bar represents 0.02 nucleotide substitutions per site.
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indicated BTV-5 was present in Australia from at

least sometime earlier in 2014 and that its initial

incursion into the continent was possibly via the

northern tip of Western Australia.

Phylogenetic relationships within Seg-2 and Seg-

6 genes of BTV-5 and BTV-9 isolates

Given the close antigenic relationship observed

between Australian isolates of BTV-5 and BTV-9,

we undertook phylogenetic analyses of each of the

two BTV genomic segments of these serotypes that

encode the outer coat virus proteins (Seg-2 and Seg-

6) which are the main determinants of virus serotype.

Reference sequences representing Western and

Eastern topotypes were used for these analyses. The

Seg-2 sequences analysed clustered into three major

clades comprising two Western topotypes and a sin-

gle Eastern topotype (Figure 2a), while BTV-5

sequences all exhibited a Western topotype, BTV-9

sequences occupied both Western and Eastern topo-

type groups.

Bluetongue virus serotype 5 sequences split into

two Western sub-clades (W-1 and W-2). The BTV-5

AUS Seg-2 sequence was most closely related to W-

1 sub-clade reference sequences from Chinese, South

African and Cameroon BTV-5 isolates (95.3-98.9%

nt identities). The W-2 sub-clade comprised USA,

Caribbean and Nigerian reference sequences which

showed some mutual divergence (W-2). Similarly,

within the BTV-9 Western topotype, two sub-clades

were observed: South African, Libyan and Italian

reference sequences (W-1), and USA and Caribbean

reference sequences (W-2). The Eastern BTV-9

clade (E-1) comprised a group of closely related ref-

erence sequences from Europe and India and more

divergent Seg-2 sequences from Australia and Japan

which also displayed a level of mutual divergence.

Phylogenetic analyses of Seg-6 sequences revealed

a similar pattern of phylogenetic relationships to that

Table 2. Details of whole genome sequencing outputs for each segment of BTV-5 AUS isolate V9320

Seg. Size Viral protein Closest ORF maximum identity

[bp] [aa’s Start-End] Access. No. Isolate Serotype Nucleotide Topotype‡

[origin-isolate no. (year)] Identity†

1 3916 vp1 RNA polymerase JQ086291 AUSTRALIA-DPP6963 (2007) 7 99 Eastern

1-1302 JQ086301 AUSTRALIA-DPP837 (1985) 9 98

2 2893 vp2 Outercoat -Neut. KT945042 CHINA-V084 (2012) 5 99 Western

1-955 AJ585181 SOUTH AFRICA-RSArrrr/05 (1953) 5 95

3 2706 vp3 Inner Core DQ186816 MALAYSIA-MAY1987/01 1 96 Eastern

1-901 AF529047 WEST JAVA-RIVS 63 (1990) 6 96

4 1937 vp4 Capping enzyme KC879618 CHINA-Y863 (1979) 1 98 Eastern

1-644 JQ86244 AUSTRALIA-DPP7291 (2008) 2 96

5 1659 NS1 Intra-cell tubules JQ086295 AUSTRALIA-DPP6963 (2007) 7 99 Eastern

1-552 KM099575 AUSTRALIA-DPP1000 (1986) 1 98

6 1581 vp5 Outercoat-Fusion AJ586701 CAMEROON-CAR1982/02 5 95 Western

1-526 AJ586700 SOUTH AFRICA-RSArrrr/05 (1953) 5 95

7 1053 vp7 Outer Core – Group JX272575 SOUTH AFRICA-RSArrrr/05 (1953) 5 97 Western

antigen AY485667 INDIAN OCEAN-LA REUNION (2003) 3 96

1-349

8 1065 NS2 Viral inclusion body JQ086298 AUSTRALIA-DPP6963 (2007) 7 98 Eastern

1-354 KM099631 AUSTRALIA-DPP4032 (1996) 1 98

9 993 NS4 Helicase GU390662 TAIWAN-BTV12/PT/2003 12 97 Eastern

1-330 AY493691 TAIWAN-KM (2003) 2 97

10 714 NS3 Membrane egress JX272488 SOUTH AFRICA-BT87/59 (1959) 14 97 Western

1-229 GQ506481 HOLLAND-NET2008/05 6 97

JN255941 SOUTH AFRICA-RSArrrr/05 (1953) 2 97

†BLASTn� derived percentage nt identity, corrected to the nearest whole number. ‡Genome segments with a Western topotype are

highlighted in bold, italicized text.
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(a)

(b)

Fig. 2. Maximum likelihood phylogenetic tree showing the relationships of the complete ORF sequences (a) Seg-2 (2868 nt) and (b) Seg-6

(1581 nt) of the Australian prototype BTV-5 isolate DPP9230 (closed circle) and representative BTV-5 and BTV-9 isolates belonging to specific

geographic topotypes as indicated by coloured oblongs; Eastern BTV-9 isolates (green), Western BTV-9 isolates (purple shades), Western BTV-

5 isolates (tan shades). The trees were drawn using the Tamara-Nei model with a gamma distribution and invariant sites. Numbers at the nodes

represent bootstrap support as a percentage of 1000 replicates; only values >50% are shown. In each image, the scale bar represents 0.5

nucleotide substitutions per site and distance truncation symbols represent a 40%(a) and 60%(b) shortening of the true distance respectively.
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found in the Seg-2 analysis, with three major clades

described (Figure 2b). However, for BTV-5 sequences

only a single Western clade was resolved (W-1). The

Seg-6 of isolate BTV-5 AUS was again most closely

related to the analogous gene segments of Chinese,

South African and Cameroon BTV-5 isolates (95.7%

nt identities). Surprisingly though, and in contrast to

the Seg-2 data, the BTV-9 Eastern topotype was con-

siderably more closely related to Western BTV-5

topotype sequences than to the Western topotype

BTV-9 isolate (≥ 78.5% nt identity to BTV-5 W-1/W-

2 compared to ≤ 71.3% identity to BTV-9 W-1/W-2).

As found with the Seg-2 data analysis, all Eastern

BTV-9 isolates occupied a common nucleotype group-

ing. In contrast, the Seg-6 sequences of Western BTV-

9 isolates occupied a distinct and divergent nucleotype

group (Maan et al. 2015).

Discussion

There are relatively few documented accounts of

BTV-5 isolations worldwide (Table S2) and only one

account linking this serotype to a limited disease out-

break in Israel (Brenner et al. 2010). The very recent

first isolation of BTV-5 in China (Yang et al. 2017)

and India (Hemadri et al. 2017) and the close genetic

relationship of these isolates with BTV-5 AUS, sug-

gested a possible Eastern Asia origin for this virus.

This route of entry into Australia was corroborated

by the identification of BTV-5 AUS Seg-3 as a

Malaysia A genotype (Pritchard et al. 2004). In con-

trast, there was relatively little genetic variation

between the Seg-2, -6 and -7 genes of BTV-5 AUS

and the prototype South African BTV-5 Mossop

strain RSArrrr/05, isolated in 1953 (Howell 1970)

(Table 2 and Table S2). The introduction of such a

well preserved complement of ostensibly RSA origin

gene segments is unusual within currently docu-

mented isolates of Australian BTV serotypes and

implies co-segregation of these three genes over a

significant geographic range and a relatively short

time frame. The Seg-2 gene of all but one (BTV-7)

of the remaining Australian BTV serotypes with

counterparts originally isolated in a Western episys-

tem (BTV-1,-2,-3,-7,-9 and -15), display <75% nt

identity with the equivalent RSA reference isolates

(Table S3). Bluetongue virus serotype 7(AUS) pos-

sesses nucleotide identities of approximately 92–94%

with the RSA prototype strain RSArrrr/07 for Seg-2,

-6 and -7 (Boyle et al. 2012; Yang et al. 2016). These

three segments have also consistently co-segregated

across time and well separated, geographically dis-

tinct, episystems. Bluetongue virus proteins VP5 and

VP7, the encoded products of Seg-6 and Seg-7

respectively, are known to be structurally interactive

with VP2 on the outer core and surface of the virus

particle (Hewat et al. 1994; Nason et al. 2004) with

possible implications for the expression of immun-

odominant epitopes on VP2 (Mertens et al. 1989;

Anthony et al. 2007). Thus within the context of the

total gene constellation currently present in the

Northern Australian BTV episystem, co-segregation

of Seg-2, -5 and -7 may be necessary for the preserva-

tion of essential outer core structural interdepen-

dence between their respective expression products,

at least for BTV-5 and BTV-7.

Speculation on how rapid BTV gene segment

translocations between Western and Eastern episys-

tems might occur has included trade in live animals,

semen and embryos (Mintiens et al. 2008; Rao et al.

2012a; Krishnajyothi et al. 2016), live vaccine use

and importation of vaccinated animals (Maan et al.

2015). Sequential vector species expansion events

due to extraordinary climatic conditions and long

distance wind dispersals, causing overlap with and

allowing novel BTV gene incursions into neighbour-

ing episystems, are also thought to play a major role

(Hendrickx 2009; Eagles et al. 2012, 2013, 2014;

Purse et al. 2015). Anthropogenic factors may also

contribute to vector abundance and spread

(MacLachlan et al. 2013). The role of novel Culi-

coides species not tested for BTV competency and

those previously thought to be incompetent vectors

for BTV, can also not be disregarded in enabling

establishment of novel BTV isolates in new regions

(Mellor 2004; Carpenter et al. 2008, 2015; Bellis et al.

2015; Gopurenko et al. 2015).

There has been limited serological evidence for a

longer term presence of BTV-5 in Southeast Asia

(Della-Porta et al. 1983; Daniels et al. 2004; Zhang

et al. 2004). The considerable degree of cross neu-

tralization between BTV-9 and BTV-5 found in this
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study (Tables S1 and S4), and previously docu-

mented by others (Rao et al. 2012b), could explain

the perceived existence of BTV-5 antibodies in host

animals in Eastern lineage regions. Our phylogenetic

analysis of the relationships between Seg-2 and Seg-6

of BTV-5 isolates showed that these belonged to

Western topotype lineages (W-1/W-2) whereas for

BTV-9 isolates, both Western and Eastern lineage

clades exist for this serotype, involving two Western

lineages (W-1/W-2) and a single Eastern lineage

(E-1) (Figures 2a & 2b).

Of note was the finding in this study and by others

previously (Rao et al., 2012c; Rao et al. 2012b; Shira-

fuji et al. 2012; Maan et al. 2015), that Seg-2

sequences from BTV-9(W) isolates showed greater

similarity with BTV-5 isolates than with BTV-9(E)

viruses (Figure 2a; Table S5). However the opposite

condition existed for Seg-6 (Maan et al. 2010, 2015)

(Figure 2b; Table S6), further confusing the ancestral

relationships between these serotypes. The phyloge-

netic associations revealed that the Seg-6 of BTV-5

RSA and BTV-5 AUS isolates were significantly

more closely related to BTV-9(E) isolates than to

those from a BTV-9(W) lineage (>79% compared to

<71% nt identities respectively). Furthermore, the

Seg-6 sequences from these separate BTV-9 topo-

types fell into phylogenetically well-separated lin-

eages normally indicative of separate serotypes

(Maan et al. 2008). Our phylogenetic analyses thus

concur with previous studies that have suggested

BTV-9(E) isolates meet the criteria for designation

as a separate serotype within the BTV5/BTV-9 Seg-2

nucleotype E cluster (Rao et al. 2012c; Maan et al.

2015).

The collective BTV-5 and BTV-9 sequence data

presented in this study and the earlier work of others

(Maan et al. 2009, 2016; Rao et al. 2012b) have fur-

ther highlighted the apparent discrepancies between

the current internationally recognized serological

tests for BTV serotype designation (Huismans &

Erasmus 1981; Erasmus 1990) and the range of per-

centage nucleotide identities that have subsequently

been found to exist between the Seg-2 genes of

different isolates of the same serotypes. From the

mid -1990s more extensive vector and host screening

programs were established globally which drove an

exponential growth in virus isolations and the publi-

cation of whole genome data for a diverse range of

bluetongue viruses (Boyle et al. 2012, 2014; Maan

et al. 2015; Nomikou et al. 2015). Subsequent thor-

ough interrogation of these data has, in hindsight,

suggested analysis by serology alone has potentially

interpreted intra-serotype variants isolated between

distant geographic regions as ‘new’ serotypes (Della-

Porta et al. 1981; Groocock et al. 1982) while also

potentially failing to detect truly novel BTV strains.

In the context of this study, it is noteworthy that the

levels of nucleotide identity for Seg-2 between the

South African prototype strain of BTV-9 (RSArrrr/

09) isolated in 1942 and several Eastern topotype

BTV-9 isolates (<70% nt) (Table S5) are the lowest

so far observed for intra-serotypic variation within a

BTV serotype (Maan et al. 2016). In addition, some

Indian isolates of BTV-9 failed to be neutralized by

reference antiserum raised to BTV-9 RSA (Rao

et al. 2012b).

Molecular approaches applied to BTV diagnosis

are now sufficiently rapid and substantially more

informative in providing a more thorough identifica-

tion of BTV field isolates (Rao et al. 2013; Maan

et al. 2015, 2016; Krishnajyothi et al. 2016). This will

remove the potential shortcomings that can result

from a primary reliance on serological BTV charac-

terization of epitopes present on the gene product of

Seg-2 alone. However, there is a growing number of

reports of BTV isolates that comprise mixtures

of gene segments of both Western and Eastern her-

itage. This makes definitive topotyping at the isolate

level, based upon individual more highly conserved

genome segments such as Seg-3 and Seg-10 alone,

increasingly problematic. To ultimately provide an

improved understanding of the ancestry and inter-

regional relationships between individual BTV iso-

lates, the complete genomes of each must be consid-

ered. The effort to establish a genotype-based

classification system for rotavirus (Matthijnssens

et al. 2008, 2011) plus similar suggestions by others

(Nomikou et al. 2015), would therefore be useful

frameworks to consider when a revised system for

BTV classification is inevitably addressed.

Classic BTV serotyping methodologies still retain

an essential role in determining vaccine strategies in
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preparation for and response to disease outbreak sit-

uations. Serological screening for both group reac-

tive and neutralizing antibodies also provides vital

support for virus isolation and epidemiological stud-

ies to provide early warning of BTV activity in speci-

fic regions (St George et al. 2001; Melville 2004;

Geoghegan et al. 2014). Indeed, the combined retro-

spective serological testing and subsequent virus gen-

ome characterization data from Kalumburu sentinel

herd samples, further implicated the northern tip of

Western Australia as a ‘hotspot’ for BTV emergence

on the Australian mainland (Eagles et al. 2012, 2013,

2014).

This study has provided a full genomic characteri-

zation of a BTV serotype (BTV-5) new to Australia

and shown that it possesses a genome composition

related to recent virus isolates belonging to the Wes-

tern lineage episystem. The Seg-10 of BTV-5 is also

the first documented report of a Western topotype

of this gene entering Australia. Segment 10 has

recently been strongly implicated as a significant

modulator of BTV pathogenicity (Feenstra et al.

2014; Ftaich et al. 2015; Pullinger et al. 2016). Col-

lectively, these data implied a potential for BTV

genome segments that have been associated with

highly pathogenic BTV serotypes in the Western

episystem (Maan et al. 2008, 2010) to be more

rapidly transported to Southeast Asian episystems

than previously thought plausible. This possibility

emphasized the need for maintenance of appropriate

levels of surveillance of both vectors and viruses at

several locations in the far north of Australia (Kling-

seisen et al. 2013). In particular, the expansion of

molecular characterization of BTV to a whole of

genome approach is recommended to continually

monitor the presence and level of establishment of

novel Western topotype segments within the Aus-

tralian episystem.

Acknowledgements

The authors wish to thank our colleagues at the

CSIRO, Australian Animal Health Laboratory,

Kelly Davies and Som Walker and David Flanagan

at Berrimah Veterinary Laboratories, for their

respective valuable technical contributions.

Source of funding

The authors wish to acknowledge their gratitude for

the funding of this work and the continued funding

provided by the Australian Government Department

of Agriculture and Water Resources, Canberra,

ACT.

Conflict of interest

The authors have no conflicts of interest to declare.

Contributions

Study design and manuscript preparation: JRW,

DTW, DE, JW. Laboratory work: JRW, JW, HC,

GH, AR AC, RPW, SSD, LFM, RAL. Data analy-

ses: JRW, DTW, JW. Manuscript review: JRW,

DTW, DE, RAL, RPW.

Ethical statement

The authors confirm that the ethical policies of the

journal, as noted on the journal’s author guidelines

page, have been adhered to and the appropriate

internal ethics review committee approvals has been

received.

References

Anthony S., Jones H., Darpel K.E., Elliott H., Maan S.,

Samuel A. et al. (2007) A duplex RT-PCR assay for

detection of genome segment 7 (VP7 gene) from 24

BTV serotypes. Journal of Virological Methods 141,

188–197. https://doi.org/10.1016/j.jviromet.2006.12.013.

Barrattboyes S.M. & MacLachlan N.J. (1994) Dynamics of

viral spread in bluetongue virus-infected calves. Veteri-

nary Microbiology 40, 361–371. https://doi.org/10.1016/

0378-1135(94)90123-6.

Batten C.A., Maan S., Shaw A.E., Maan N.S. & Mertens

P.P.C. (2008) A European field strain of bluetongue

virus derived from two parental vaccine strains by gen-

ome segment reassortment. Virus Research 137, 56–63.

https://doi.org/10.1016/j.virusres.2008.05.016.

Belhouchet M., Jaafar F.M., Firth A.E., Grimes J.M., Mer-

tens P.P.C. & Attoui H. (2011) Detection of a fourth

orbivirus non-structural protein. PLoS ONE 6, e25697.

https://doi.org/10.1371/journal.pone.0025697.

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

J.R. White et al.140

https://doi.org/10.1016/j.jviromet.2006.12.013
https://doi.org/10.1016/0378-1135(94)90123-6
https://doi.org/10.1016/0378-1135(94)90123-6
https://doi.org/10.1016/j.virusres.2008.05.016
https://doi.org/10.1371/journal.pone.0025697


Bellis G.A., Gopurenko D., Cookson B., Postle A.C., Hal-

ling L., Harris N. et al. (2015) Identification of incur-

sions of CulicoidesLatreille species (Diptera:

Ceratopogonidae) in Australasia using morphological

techniques and DNA barcoding. Austral Entomology 54,

332–338. https://doi.org/10.1111/aen.12131.

Blacksell S.D. & Lunt R.A. (1993) Serotype identification

of Australian bluetongue viruses using a rapid fluores-

cence inhibition test. Journal of Virological Methods 44,

241–250. https://doi.org/10.1016/0166-0934(93)90059-Z.

Bonneau K.R., Zhang N., Zhu J., Zhang F., Li Z., Zhang

K. et al. (1999) Sequence comparison of the L2 and S10

genes of bluetongue viruses from the United States and

the People’s Republic of China. Virus Research 61, 153–

160. https://doi.org/10.1016/S0168-1702(99)00034-9.

Boyle D.B., Bulach D.M., Amos-Ritchie R., Adams M.M.,

Walker P.J. & Weir R. (2012) Genomic sequences of

Australian bluetongue virus prototype serotypes reveal

global relationships and possible routes of entry into

Australia. Journal of Virology 86, 6724–6731. https://doi.

org/10.1128/Jvi.00182-12.

Boyle D.B., Amos-Ritchie R., Broz I., Walker P.J., Mel-

ville L., Flanagan D. et al. (2014) Evolution of blue-

tongue virus serotype 1 in Northern Australia over

30 years. Journal of Virology 88, 13981–13989. https://

doi.org/10.1128/Jvi.02055-14.

Br�eard E., Sailleau C., Coupier H., Mure-Ravaud K.,

Hammoumi S., Gicquel B. et al. (2003) Comparison of

genome segments 2, 7 and 10 of bluetongue viruses ser-

otype 2 for differentiation between field isolates and the

vaccine strain. Veterinary Research 34, 777–789. https://

doi.org/10.1051/vetres:2003036.

Brenner J., Oura C., Asis I., Maan S., Elad D., Maan

N. et al. (2010) Multiple serotypes of bluetongue virus

in sheep and cattle, Israel. Emerging Infectious Dis-

eases 16, 2003–2004. https://doi.org/10.3201/eid1612.

100239.

Carpenter S., Szmaragd C., Barber J., Labuschagne K.,

Gubbins S. & Mellor P. (2008) An assessment of Culi-

coides surveillance techniques in northern Europe: have

we underestimated a potential bluetongue virus vector?

Journal of Applied Ecology 45, 1237–1245. https://doi.

org/10.1111/j.1365-2664.2008.01511.x.

Carpenter S., Wilson A. & Mellor P.S. (2009) Culicoides

and the emergence of bluetongue virus in northern Eur-

ope. Trends in Microbiology 17, 172–178. https://doi.org/

10.1016/j.tim.2009.01.001.

Carpenter S., Veronesi E., Mullens B. & Venter G. (2015)

Vector competence of Culicoides for arboviruses: three

major periods of research, their influence on current

studies and future directions. Revue Scientifique Et

Technique-Office International Des Epizooties 34, 97–

112. Retrieved from <Go to ISI>://

WOS:000356403000005

Carpi G., Holmes E.C. & Kitchen A. (2010) The evolu-

tionary dynamics of bluetongue virus. Journal of Molec-

ular Evolution 70, 583–592. https://doi.org/10.1007/

s00239-010-9354-y.

Daniels P.W., Sendow I., Pritchard L.I., Sukarsih & Eaton

B.T. (2004) Regional overview of bluetongue viruses in

South-East Asia: viruses, vectors and surveillance. Veter-

inaria italiana 40(3), 94–100. Retrieved from <Go to

ISI>://WOS:000234682200012

Della-Porta A.J., Herniman K.A.J. & Sellers R.F. (1981)

A serological comparison of the australian isolate of

bluetongue virus type-20 (CSIRO-19) with bluetongue

group viruses. Veterinary Microbiology 6, 9–21. https://

doi.org/10.1016/0378-1135(81)90039-0.

Della-Porta A.J., Sellers R.F., Herniman K.A.J., Little-

johns I.R., Cybinski D.H., George T.S. et al. (1983)

Serological studies of Australian and papua-new-gui-

nean cattle and Australian sheep for the presence of

antibodies against bluetongue group viruses. Veterinary

Microbiology 8, 147–162. https://doi.org/10.1016/0378-

1135(83)90062-7.

Eagles D., Deveson T., Walker P.J., Zalucki M.P. & Durr

P. (2012) Evaluation of long-distance dispersal of Culi-

coides midges into northern Australia using a migration

model. Medical and Veterinary Entomology 26, 334–340.

https://doi.org/10.1111/j.1365-2915.2011.01005.x.

Eagles D., Walker P.J., Zalucki M.P. & Durr P.A. (2013)

Modelling spatio-temporal patterns of long-distance

Culicoides dispersal into northern Australia. Preventive

Veterinary Medicine 110, 312–322. https://doi.org/10.

1016/j.prevetmed.2013.02.022.

Eagles D., Melville L., Weir R., Davis S., Bellis G.,

Zalucki M.P. et al. (2014) Long-distance aerial dispersal

modelling of Culicoides biting midges: case studies of

incursions into Australia. Bmc Veterinary Research 10,

135. https://doi.org/10.1186/1746-6148-10-135.

Erasmus B.J. (1990) Bluetongue Virus. In: Virus Infection

of Ruminants. Vol. 3, 227–237. (eds Z. Dinter & B.

Morein), Elsevier Science Publishers: New York.

Feenstra F., van Gennip R.G., Maris-Veldhuis M., Verheij

E. & van Rijn P.A. (2014) Bluetongue virus without

NS3/NS3a expression is not virulent and protects against

virulent bluetongue virus challenge. Journal of General

Virology 95(Pt 9), 2019–2029. https://doi.org/10.1099/vir.

0.065615-0.

Firth C., Blasdell K.R., Amos-Ritchie R., Sendow I., Agni-

hotri K., Boyle D.B. et al. (2017) Genomic analysis of

bluetongue virus episystems in Australia and Indonesia.

Veterinary Research 48, 82. https://doi.org/10.1186/

s13567-017-0488-4.

French T.J., Inumaru S. & Roy P. (1989) Expression of 2

related nonstructural proteins of bluetongue virus (Btv)

type-10 in insect cells by a recombinant baculovirus -

production of polyclonal ascitic fluid and

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

BTV-5 detected in Australia 141

https://doi.org/10.1111/aen.12131
https://doi.org/10.1016/0166-0934(93)90059-Z
https://doi.org/10.1016/S0168-1702(99)00034-9
https://doi.org/10.1128/Jvi.00182-12
https://doi.org/10.1128/Jvi.00182-12
https://doi.org/10.1128/Jvi.02055-14
https://doi.org/10.1128/Jvi.02055-14
https://doi.org/10.1051/vetres:2003036
https://doi.org/10.1051/vetres:2003036
https://doi.org/10.3201/eid1612.100239
https://doi.org/10.3201/eid1612.100239
https://doi.org/10.1111/j.1365-2664.2008.01511.x
https://doi.org/10.1111/j.1365-2664.2008.01511.x
https://doi.org/10.1016/j.tim.2009.01.001
https://doi.org/10.1016/j.tim.2009.01.001
https://doi.org/10.1007/s00239-010-9354-y
https://doi.org/10.1007/s00239-010-9354-y
https://doi.org/10.1016/0378-1135(81)90039-0
https://doi.org/10.1016/0378-1135(81)90039-0
https://doi.org/10.1016/0378-1135(83)90062-7
https://doi.org/10.1016/0378-1135(83)90062-7
https://doi.org/10.1111/j.1365-2915.2011.01005.x
https://doi.org/10.1016/j.prevetmed.2013.02.022
https://doi.org/10.1016/j.prevetmed.2013.02.022
https://doi.org/10.1186/1746-6148-10-135
https://doi.org/10.1099/vir.0.065615-0
https://doi.org/10.1099/vir.0.065615-0
https://doi.org/10.1186/s13567-017-0488-4
https://doi.org/10.1186/s13567-017-0488-4


characterization of the gene-product in Btv-infected

Bhk cells. Journal of Virology 63, 3270–3278. Retrieved

from <Go to ISI>://WOS:A1989AF40600009

Ftaich N., Ciancia C., Viarouge C., Barry G., Ratinier M.,

van Rijn P.A. et al. (2015) Turnover rate of NS3 pro-

teins modulates bluetongue virus replication kinetics in

a host-specific manner. Journal of Virology 89, 10467–

10481. https://doi.org/10.1128/JVI.01541-15.

Gard G.P. & Kirkland P.D. (eds.) (1993) Bluetongue

Virology and Serology. CSIRO Information Services:

East Melbourne, Victoria, Australia.

Geoghegan J.L., Walker P.J., Duchemin J.B., Jeanne I. &

Holmes E.C. (2014) Seasonal drivers of the epidemiol-

ogy of arthropod-borne viruses in Australia. Plos

Neglected Tropical Diseases 8, e3325. https://doi.org/10.

1371/journal.pntd.0003325.

Gopurenko D., Bellis G., Yanase T., Wardhana A., Thep-

parat A., Wang J. et al. (2015) Integrative taxonomy to

investigate species boundaries within Culicoides (Dip-

tera: Ceratopogonidae): a case study using subgenus

Avaritia from Australasia and Eastern Asia. Veterinaria

Italiana 51, 345–378. Retrieved from <Go to ISI>://

WOS:000368512300013

Groocock C.M., Parsonson I.M. & Campbell C.H. (1982)

Bluetongue virus serotype-20 and serotype-17 infections

in sheep - comparison of clinical and serological

responses. Veterinary Microbiology 7, 189–196. https://

doi.org/10.1016/0378-1135(82)90033-5.

Hemadri D., Maan S., Chanda M.M., Rao P.P., Putty

K., Krishnajyothi Y. et al. (2017) Dual infection

with bluetongue virus serotypes and first-time isolation

of serotype 5 in India. Transboundary and Emerging

Diseases 64, 1912–1917. https://doi.org/10.1111/tbed.

12589.

Hendrickx G. (2009) The spread of blue tongue in Eur-

ope. Small Ruminant Research 86, 34–39. https://doi.org/

10.1016/j.smallrumres.2009.09.014.

Hewat E.A., Booth T.F., Loudon P.T. & Roy P. (1992) 3-

Dimensional reconstruction of baculovirus expressed

bluetongue virus core-like particles by cryoelectron

microscopy. Virology 189, 10–20. https://doi.org/10.1016/

0042-6822(92)90676-G.

Hewat E.A., Booth T.F. & Roy P. (1994) Structure of cor-

rectly self-assembled bluetongue virus-like particles.

Journal of Structural Biology 112, 183–191. https://doi.

org/10.1006/jsbi.1994.1019.

Hofmann M., Griot C., Chaignat V., Perler L. & Thur B.

(2008) Bluetongue disease teaches Switzerland. Sch-

weizer Archiv Fur Tierheilkunde 150, 49–56. https://doi.

org/10.1024/0036-7281.150.2.49.

Howell P.G. (1970) The antigenic classification and distri-

bution of naturally occurring strains of bluetongue virus

Journal South African Veterinary Medical Association

41, 215–223.

Howell P.G. & Verwoerd D.W. (1971) Bluetongue virus.

In: Virology Monographs. Vol. 9, 35–74. (eds W.R.

Hess, P.G. Howell & D.W. Verwoerd), Springer: Berlin,

Heidelberg, New York.

Huismans H. & Erasmus B.J. (1981) Identification of the

serotype-specific and group-specific antigens of blue-

tongue virus. Onderstepoort Journal of Veterinary

Research 48, 51–58. Retrieved from <Go to ISI>://WOS:

A1981MP84700001

Klingseisen B., Stevenson M. & Corner R. (2013) Predic-

tion of Bluetongue virus seropositivity on pastoral prop-

erties in northern Australia using remotely sensed

bioclimatic variables. Preventive Veterinary Medicine

110, 159–168. https://doi.org/10.1016/j.prevetmed.2012.12.

001.

Krishnajyothi Y., Maan S., Kandimalla K., Maan N.S.,

Tutika R.B., Reddy Y.V. et al. (2016) Isolation of blue-

tongue virus 24 from India - an exotic serotype to

Australasia. Transboundary and Emerging Diseases 63,

360–364. https://doi.org/10.1111/tbed.12512.

Kumar S., Stecher G. & Tamura K. (2016) MEGA7:

molecular evolutionary genetics analysis version 7.0 for

bigger datasets. Molecular Biology and Evolution 33,

1870–1874. https://doi.org/10.1093/molbev/msw054.

Lunt R., Certoma A., Pritchard L.I., Newberry K., White

J., Daniels P. et al. (2009) Laboratory characterisation

of BTV-7, a serotype previously not isolated in Aus-

tralia. In: Proceedings of the 10th Arbovirus Research in

Australia Symposium (eds P. Ryan, J. Askov, & R. Rus-

sell), Vol. 10, pp 93–95. Coff’s Harbour, NSW: QIMR,

Brisbane.

Maan S., Maan N.S., Samuel A.R., Rao S., Attoui H. &

Mertens P.P.C. (2007) Analysis and phylogenetic com-

parisons of full-length VP2 genes of the 24 bluetongue

virus serotypes. Journal of General Virology 88, 621–

630. https://doi.org/10.1099/vir.0.82456-0.

Maan S., Maan N.S., Ross-Smith N., Batten C.A., Shaw

A.E., Anthony S.J. et al. (2008) Sequence analysis of

bluetongue virus serotype 8 from the Netherlands 2006

and comparison to other European strains. Virology

377, 308–318. https://doi.org/10.1016/j.virol.2008.04.028.

Maan S., Maan N.S., Nomikou K., Anthony S.J., Ross-

Smith N., Singh K.P. et al. (2009) Molecular Epidemiol-

ogy Studies of Bluetongue Virus (Vol. 3). Elsevier/Aca-

demic Press: London, UK.

Maan S., Maan N.S., Van Rijn P.A., Van Gennip R.G.,

Sanders A., Wright I.M. et al. (2010) Full genome char-

acterisation of bluetongue virus serotype 6 from the

Netherlands 2008 and comparison to other field and

vaccine strains. PLoS ONE 5, e10323. https://doi.org/10.

1371/journal.pone.0010323.

Maan S., Maan N.S., Belaganahalli M.N., Rao P.P., Singh

K.P., Hemadri D. et al. (2015) Full-genome sequencing

as a basis for molecular epidemiology studies of

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

J.R. White et al.142

https://doi.org/10.1128/JVI.01541-15
https://doi.org/10.1371/journal.pntd.0003325
https://doi.org/10.1371/journal.pntd.0003325
https://doi.org/10.1016/0378-1135(82)90033-5
https://doi.org/10.1016/0378-1135(82)90033-5
https://doi.org/10.1111/tbed.12589
https://doi.org/10.1111/tbed.12589
https://doi.org/10.1016/j.smallrumres.2009.09.014
https://doi.org/10.1016/j.smallrumres.2009.09.014
https://doi.org/10.1016/0042-6822(92)90676-G
https://doi.org/10.1016/0042-6822(92)90676-G
https://doi.org/10.1006/jsbi.1994.1019
https://doi.org/10.1006/jsbi.1994.1019
https://doi.org/10.1024/0036-7281.150.2.49
https://doi.org/10.1024/0036-7281.150.2.49
https://doi.org/10.1016/j.prevetmed.2012.12.001
https://doi.org/10.1016/j.prevetmed.2012.12.001
https://doi.org/10.1111/tbed.12512
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1099/vir.0.82456-0
https://doi.org/10.1016/j.virol.2008.04.028
https://doi.org/10.1371/journal.pone.0010323
https://doi.org/10.1371/journal.pone.0010323


bluetongue virus in India. PLoS ONE 10, e0131257.

https://doi.org/10.1371/journal.pone.0131257.

Maan S., Maan N.S., Belaganahalli M.N., Potgieter A.C.,

Kumar V., Batra K. et al. (2016) Development and eval-

uation of real time RT-PCR assays for detection and

typing of bluetongue virus. PLoS ONE 11, e0163014.

https://doi.org/10.1371/journal.pone.0163014.

MacLachlan N.J. (1994) The pathogenesis and immunol-

ogy of bluetongue virus-infection of ruminants.

Comparative Immunology Microbiology and Infectious

Diseases 17, 197–206. https://doi.org/10.1016/0147-9571

(94)90043-4.

MacLachlan N.J., Drew C.P., Darpel K.E. & Worwa G.

(2009) The pathology and pathogenesis of bluetongue.

Journal of Comparative Pathology 141, 1–16. https://doi.

org/10.1016/j.jcpa.2009.04.003.

MacLachlan N.J., Wilson W.C., Crossley B.M., Mayo

C.E., Jasperson D.C., Breitmeyer R.E. & Whiteford

A.M. (2013) Novel serotype of bluetongue virus, Wes-

tern North America. Emerging Infectious Diseases 19,

665–666. https://doi.org/10.3201/eid1904.120347.

Matthijnssens J., Ciarlet M., Rahman M., Attoui H.,

B�anyai K., Estes M.K. et al. (2008) Recommendations

for the classification of group A rotaviruses using all 11

genomic RNA segments. Archives of Virology 153,

1621–1629. https://doi.org/10.1007/s00705-008-0155-1.

Matthijnssens J., Ciarlet M., McDonald S.M., Attoui H.,

B�anyai K., Brister J.R. et al. (2011) Uniformity of rota-

virus strain nomenclature proposed by the Rotavirus

Classification Working Group (RCWG). Archives of

Virology 156, 1397–1413. https://doi.org/10.1007/s00705-

011-1006-z.

Mellor P.S. (2004) Infection of the vectors and bluetongue

epidemiology in Europe. Veterinaria italiana 40, 167–

174.

Melville L.F. (2004) Bluetongue surveillance methods in

an endemic area: Australia. Veterinaria Italiana 40, 184–

187. Retrieved from <Go to ISI>://

WOS:000234682200030

Mertens P.P.C. & Sangar D.V. (1985) Analysis of the ter-

minal sequences of the genome segments of 4 orbi-

viruses. Virology 140, 55–67. https://doi.org/10.1016/0042-

6822(85)90445-3.

Mertens P.P.C., Brown F. & Sangar D.V. (1984) Assign-

ment of the genome segments of bluetongue virus type-

1 to the proteins which they encode. Virology 135, 207–

217. https://doi.org/10.1016/0042-6822(84)90131-4.

Mertens P.P.C., Pedley S., Cowley J., Burroughs J.N., Cor-

teyn A.H., Jeggo M.H. et al. (1989) Analysis of the roles

of bluetongue virus outer capsid protein-Vp2 and protein-

Vp5 in determination of virus serotype. Virology 170, 561–

565. https://doi.org/10.1016/0042-6822(89)90447-9.

Mertens P.P.C., Maan N.S., Prasad G., Samuel A.R., Shaw

A.E., Potgieter A.C. et al. (2007) Design of primers and

use of RT-PCR assays for typing European bluetongue

virus isolates: differentiation of field and vaccine strains.

Journal of General Virology 88, 2811–2823. https://doi.

org/10.1099/vir.0.83023-0.

Mintiens K., Meroc E., Faes C., Abrahantes J.C., Hen-

drickx G., Staubach C. et al. (2008) Impact of human

interventions on the spread of bluetongue virus serotype

8 during the 2006 epidemic in North-Western Europe.

Preventive Veterinary Medicine 87, 145–161. https://doi.

org/10.1016/j.prevetmed.2008.06.010.

Nason E.L., Rothagel R., Mukherjee S.K., Kar A.K., For-

zan M., Prasad B.V.V. & Roy P. (2004) Interactions

between the inner and outer capsids of bluetongue

virus. Journal of Virology 78, 8059–8067. https://doi.org/

10.1128/Jvi.78.15.8059-8067.2004.

National Arbovirus Monitoring Program. (2015) National

Arbovirus Monitoring Program (NAMP) Report (2014-

15). Retrieved from www.animalhealthaustralia.com.au/

program/disease-surveillance/national-arbovirus-monitor

ing-program Animal Health Australia, Canberra, ACT.

Nomikou K., Hughes J., Wash R., Kellam P., Breard E.,

Zientara S. et al. (2015) Widespread reassortment

shapes the evolution and epidemiology of bluetongue

virus following european invasion. Plos Pathogens 11,

e1005056. https://doi.org/10.1371/journal.ppat.1005056.

Pritchard L.I., Sendow I., Lunt R., Hassan S.H., Kattenbelt

J., Gould A.R. et al. (2004) Genetic diversity of blue-

tongue viruses in south east Asia. Virus Research 101,

193–201. https://doi.org/10.1016/j.virusres.2004.01.004.

Pullinger G.D., Guimera Busquets M., Nomikou K., Boyce

M., Attoui H. & Mertens P.P. (2016) Identification of the

genome segments of bluetongue virus serotype 26 (Isolate

KUW2010/02) that restrict replication in a Culicoides

sonorensis cell line (KC Cells). PLoS ONE 11, e0149709.

https://doi.org/10.1371/journal.pone.0149709.

Purse B.V., Mellor P.S., Rogers D.J., Samuel A.R., Mer-

tens P.P.C. & Baylis M. (2005) Climate change and the

recent emergence of bluetongue in Europe. Nature

Reviews Microbiology 3, 171–181. https://doi.org/10.1038/

nrmicro1090.

Purse B.V., Carpenter S., Venter G.J., Bellis G. & Mullens

B.A. (2015) Bionomics of temperate and tropical culi-

coides midges: knowledge gaps and consequences for

transmission of culicoides-borne viruses. Annual Review

of Entomology 60, 373–392. https://doi.org/10.1146/an

nurev-ento-010814-020614.

Rao P.P., Hegde N.R. & Reddy Y.N. (2012a) Interconti-

nental movement of bluetongue virus and potential con-

sequences to trade. Journal of Virology 86, 8341.

https://doi.org/10.1128/Jvi.00968-12.

Rao P.P., Reddy Y.N. & Hegde N.R. (2012b) Complete

genome sequence of bluetongue virus serotype 9: impli-

cations for serotyping. Journal of Virology 86, 8333.

https://doi.org/10.1128/Jvi.01101-12.

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

BTV-5 detected in Australia 143

https://doi.org/10.1371/journal.pone.0131257
https://doi.org/10.1371/journal.pone.0163014
https://doi.org/10.1016/0147-9571(94)90043-4
https://doi.org/10.1016/0147-9571(94)90043-4
https://doi.org/10.1016/j.jcpa.2009.04.003
https://doi.org/10.1016/j.jcpa.2009.04.003
https://doi.org/10.3201/eid1904.120347
https://doi.org/10.1007/s00705-008-0155-1
https://doi.org/10.1007/s00705-011-1006-z
https://doi.org/10.1007/s00705-011-1006-z
https://doi.org/10.1016/0042-6822(85)90445-3
https://doi.org/10.1016/0042-6822(85)90445-3
https://doi.org/10.1016/0042-6822(84)90131-4
https://doi.org/10.1016/0042-6822(89)90447-9
https://doi.org/10.1099/vir.0.83023-0
https://doi.org/10.1099/vir.0.83023-0
https://doi.org/10.1016/j.prevetmed.2008.06.010
https://doi.org/10.1016/j.prevetmed.2008.06.010
https://doi.org/10.1128/Jvi.78.15.8059-8067.2004
https://doi.org/10.1128/Jvi.78.15.8059-8067.2004
http://www.animalhealthaustralia.com.au/program/disease-surveillance/national-arbovirus-monitoring-program
http://www.animalhealthaustralia.com.au/program/disease-surveillance/national-arbovirus-monitoring-program
http://www.animalhealthaustralia.com.au/program/disease-surveillance/national-arbovirus-monitoring-program
https://doi.org/10.1371/journal.ppat.1005056
https://doi.org/10.1016/j.virusres.2004.01.004
https://doi.org/10.1371/journal.pone.0149709
https://doi.org/10.1038/nrmicro1090
https://doi.org/10.1038/nrmicro1090
https://doi.org/10.1146/annurev-ento-010814-020614
https://doi.org/10.1146/annurev-ento-010814-020614
https://doi.org/10.1128/Jvi.00968-12
https://doi.org/10.1128/Jvi.01101-12


Rao P.P., Reddy Y.V., Meena K., Karunasree N., Sus-

mitha B., Uma M. et al. (2012c) Genetic characteriza-

tion of bluetongue virus serotype 9 isolates from India.

Virus Genes 44, 286–294. https://doi.org/10.1007/s11262-

011-0707-4.

Rao P.P., Reddy Y.N., Ganesh K., Nair S.G., Niranjan V.

& Hegde N.R. (2013) Deep sequencing as a method of

typing bluetongue virus isolates. Journal of Virological

Methods 193, 314–319. https://doi.org/10.1016/j.jviromet.

2013.06.033.

Rao P.P., Hegde N.R., Reddy Y.N., Krishnajyothi Y.,

Reddy Y.V., Susmitha B. et al. (2016) Epidemiology of

bluetongue in India. Transboundary and Emerging Dis-

eases 63, E151–E164. https://doi.org/10.1111/tbed.12258.

Reed L.J. & Muench H. (1938) A simple method of esti-

mating fifty percent endpoints. American Journal of

Hygiene 27, 493–497.

Roy P. (1989) Bluetongue virus genetics and genome

structure. Virus Research 13, 179–206. https://doi.org/10.

1016/0168-1702(89)90015-4.

Roy P. (1992) Bluetongue virus proteins. Journal of Gen-

eral Virology 73, 3051–3064. https://doi.org/10.1099/0022-

1317-73-12-3051.

Saegerman C., Berkvens D. & Mellor P.S. (2008) Blue-

tongue epidemiology in the European Union. Emerging

Infectious Diseases 14, 539–544. Retrieved from <Go to

ISI>://WOS:000254595000001

Shirafuji H., Yanase T., Kato T. & Yamakawa M. (2012)

Genetic and phylogenetic characterization of genome

segments 2 and 6 of bluetongue virus isolates in Japan

from 1985 to 2008. Journal of General Virology 93,

1465–1473. https://doi.org/10.1099/vir.0.040717-0.

St George T.D., Bellis G., Bishop A., Cameron A., Doh-

erty B., Ellis T. et al. (2001). The History of Bluetongue,

Akabane and Ephemeral Fever Viruses and their Vectors

in Australia 1975-1999. Animal Health Australia: Can-

berra A.C.T., Australia.

Standfast H.A., Muller M.J., Dyce A.L. (1992) An over-

view of bluetongue virus vector biology and ecology in

the Oriental and Australian regions of the Western

Pacific. In: Bluetongue, African Horse Sickness and

Related Orbiviruses-Proceedings of the Second Interna-

tional Symposium (eds T.E. Walton, I. Osburn), pp 253–

261. CRC Press: Boca Raton.

Stanislawek W.L., Lunt R.A., Blacksell S.D., Newberry

K.M., Hooper P.T. & White J.R. (1996) Detection by

ELISA of bluetongue antigen directly in the blood of

experimentally infected sheep. Veterinary Microbiology

52, 1–12. https://doi.org/10.1016/0378-1135(96)00020-X.

Stewart M., Hardy A., Barry G., Pinto R.M., Caporale M.,

Melzi E. et al. (2015) Characterization of a second open

reading frame in genome segment 10 of bluetongue

virus. Journal of General Virology 96, 3280–3293.

https://doi.org/10.1099/jgv.0.000267.

St.George T.D.. (1985) Epidemiology of bluetongue in

Australia: the vertebrate hosts. In: Bluetongue and

Related Orbiviruses - Proceedings of the First Interna-

tional Symposium (Progress in Clinical and Biological

Research Vol 178) (eds T.L. Barber, M.M. Jochim, I.

Osburn), pp 519–525. Alan R. Liss: New York.

Van Niekerk M., Freeman M., Paweska J.T., Howell P.G.,

Guthrie A.J., Potgieter A.C. et al. (2003) Variation in

the NS3 gene and protein in South African isolates of

bluetongue and equine encephalosis viruses. Journal of

General Virology 84, 581–590. https://doi.org/10.1099/vir.

0.18749-0.

Vandijk A.A. & Huismans H. (1988) In vitro transcription

and translation of bluetongue virus messenger-Rna.

Journal of General Virology 69, 573–581. https://doi.org/

10.1099/0022-1317-69-3-573.

Yang H., Lv M., Sun M., Lin L., Kou M., Gao L. et al.

(2016) Complete genome sequence of the first blue-

tongue virus serotype 7 isolate from China: evidence for

entry of African-lineage strains and reassortment

between the introduced and native strains. Archives of

Virology 161, 223–227. https://doi.org/10.1007/s00705-

015-2624-7.

Yang H., Xiao L., Wang J., Meng J., Lv M., Liao D.

et al. (2017) Phylogenetic characterization genome

segment 2 of bluetongue virus strains belonging to

Serotypes 5, 7 and 24 isolated for the first time in

China during 2012 to 2014. Transboundary and

Emerging Diseases 64, 1317–1321. https://doi.org/10.

1111/tbed.12479.

Zhang N., Li Z., Zhang F. & Zhu J. (2004) Studies on

bluetongue disease in the People’s Republic of China.

Bluetongue 40, 51–56. Retrieved from <Go to ISI>://

WOS:000234682200005

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the

end of the article.

Table S1. Reciprocal end-point titres in the SNT for

reaction between the Berrimah virus isolates and ref-

erence sheep antisera raised to RSA prototype iso-

lates BTV-5 and BTV-9.

Table S2. Percentage nucleotide identities between

Seg-2 sequences of Australian and exotic isolates of

BTV-5.

Table S3. Comparison of Seg-2 nucleotide and amino

acid sequence identities between South African

(RSA) prototype BTV serotypes and reference

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

J.R. White et al.144

https://doi.org/10.1007/s11262-011-0707-4
https://doi.org/10.1007/s11262-011-0707-4
https://doi.org/10.1016/j.jviromet.2013.06.033
https://doi.org/10.1016/j.jviromet.2013.06.033
https://doi.org/10.1111/tbed.12258
https://doi.org/10.1016/0168-1702(89)90015-4
https://doi.org/10.1016/0168-1702(89)90015-4
https://doi.org/10.1099/0022-1317-73-12-3051
https://doi.org/10.1099/0022-1317-73-12-3051
https://doi.org/10.1099/vir.0.040717-0
https://doi.org/10.1016/0378-1135(96)00020-X
https://doi.org/10.1099/jgv.0.000267
https://doi.org/10.1099/vir.0.18749-0
https://doi.org/10.1099/vir.0.18749-0
https://doi.org/10.1099/0022-1317-69-3-573
https://doi.org/10.1099/0022-1317-69-3-573
https://doi.org/10.1007/s00705-015-2624-7
https://doi.org/10.1007/s00705-015-2624-7
https://doi.org/10.1111/tbed.12479
https://doi.org/10.1111/tbed.12479


isolates of analogous serotypes isolated in Australia

(AUS).

Table S4. Screening of Western Australian sentinel

cattle herd sera against Australian BTV serotypes,

BTV-6 (RSA) and BTV-5 AUS in the VNT and

PRNT tests (reciprocal titres shown).

Table S5. Percentage nucleotide identity matrix of

the Seg-2 gene between groups of Eastern and Wes-

tern topotypes of BTV-5 and BTV-9 isolates.

Table S6. Percentage nucleotide identity matrix for

the Seg-6 gene between groups of Eastern and Wes-

tern topotypes of BTV-5 and BTV-9 isolates.

© 2019 The Authors. Veterinary Medicine and Science Published by John Wiley & Sons Ltd
Veterinary Medicine and Science (2019), 5, pp. 129–145

BTV-5 detected in Australia 145


