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ABSTRACT

Bluetongue virus serotype 1 (BTV 1) was first isolated in Australia from cattle blood collected in 1979 at Beatrice Hill Farm
(BHF), Northern Territory (NT). From long-term surveillance programs (1977 to 2011), 2,487 isolations of 10 BTV serotypes
were made. The most frequently isolated serotype was BTV 1 (41%, 1,019) followed by BTV 16 (17.5%, 436) and BTV 20 (14%,
348). In 3 years, no BT Vs were isolated, and in 12 years, no BTV 1 was isolated. Seventeen BTV 1 isolates were sequenced and
analyzed in comparison with 10 Australian prototype serotypes. BTV 1 showed an episodic pattern of evolutionary change char-
acterized by four distinct periods. Each period consisted primarily of slow genetic drift which was punctuated from time to time
by genetic shifts generated by segment reassortment and the introduction of new genome segments. Evidence was found for co-
evolution of BTV genome segments. Evolutionary dynamics and selection pressure estimates showed strong temporal and clock-
like molecular evolutionary dynamics of six Australian BTV genome segments. Bayesian coalescent estimates of mean substitu-
tion rates clustered in the range of 3.5 X 10~*to 5.3 X 10~* substitutions per site per year. All BTV genome segments evolved
under strong purifying (negative) selection, with only three sites identified as under pervasive diversifying (positive) selection.
The obligate replication in alternate hosts (insect vector and vertebrate hosts) imposed strong evolutionary constraints. The
dominant mechanism generating genetic diversity of BTV 1 at BHF was through the introduction of new viruses and reassort-
ment of genome segments with existing viruses.

IMPORTANCE

Bluetongue virus (BTV) is the causative agent of bluetongue disease in ruminants. It is a disease of concern globally and is trans-
mitted by biting midges (Culicoides species). Analysis of the evolutionary and selection pressures on BTV 1 at a single surveil-
lance site in northern Australia showed strong temporal and clock-like dynamics. Obligate replication in alternate hosts of insect
and vertebrate imposed strong evolutionary constraints, with all BTV genome segments evolving under strong purifying (nega-
tive) selection. Generation of genetic diversity of BTV 1 in northern Australia is through genome segment reassortment and the

introduction of new serotypes.

luetongue virus (BTV) is a segmented, double-stranded RNA

(dsRNA) virus that is classified in the genus Orbivirus, family
Reoviridae. It is transmitted by biting midges (Culicoides species,
Diptera: Ceratopogonidae) and is the causative agent of blue-
tongue disease, predominantly affecting sheep and goats. Cattle
and wild ruminants can also be infected but usually serve as
asymptomatic reservoirs of infection (1-3). There are 26 known
BTV serotypes (BTV 1 to BTV 26). The virus occurs in all conti-
nents other than Antarctica and is increasing in global distribu-
tion. Most notably, BTV has spread rapidly into Europe since the
mid-1990s, initially invading most of the south and then, in 2006,
appearing for the first time north of the Alps. It is now considered
endemic throughout much of Europe from the Mediterranean to
the Baltic (1, 2,4). The change in BTV distribution has been due to
the introduction of exotic serotypes along with changes in the
distribution, species, and competence of Culicoides vectors. Cli-
mate change has been suggested as a significant factor in the
spread of BTV and disease in Europe.

In Australia, BTV 20 was first detected in a mixed pool of Cu-
licoides species collected in the Northern Territory (NT) in 1975
(5), but there was serological evidence that at least one serotype
had been present since 1958 (6). BTV 1 was subsequently isolated
for the first time in 1979 from cattle blood collected at Beatrice Hill
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Farm (BHF), NT (7). Since then, 10 of the 26 known BTV sero-
types have been isolated at BHF, NT (5, 7-13). BTV 1, BTV 21,
and, more recently, BTV 2 have the widest geographic distribu-
tion, occurring across northern Australia (Western Australia, NT,
and northern Queensland) and into eastern Australia (southern
Queensland and northeastern New South Wales). The other seven
serotypes (BTV 3,-7,-9,-15, -16, -20, and -23) have been detected
to date only in the far north of Australia. In spite of the presence of
multiple serotypes, disease has not been recorded. There is, how-
ever, evidence that BTVs enter northern Australia on a regular
basis. For example, BTV 2 was first detected in northern Australia
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in 2008 (8). Eight of 10 genome segments of BTV_2_AUS_2008
are most closely related to the cognate segments of viruses from
Taiwan and Asia and not other Australian BT Vs, supporting the
conclusion that the virus entered Australia recently (14). Since live
ruminants are not imported, BTV vaccines are not permitted, and
Australia is separated from Asia by water, the movement of BTVs
into Australia is believed to be by way of wind-borne dispersal of
infected Culicoides (15-17).

The BTV genome comprises 10 segments of double-stranded
RNA encoding seven structural proteins (VP1 to VP7) and five non-
structural proteins (NS1, -2, -3/3a, and -4). Genetic diversity is gen-
erated through genome segment reassortment and mutation, leading
to genetic shift and drift, respectively (18). Intrasegment recombina-
tion has been described as an additional mechanism for the genera-
tion of genetic diversity in BTV (19); however, the significance of
recombination in comparison with reassortment in the generation of
genetic diversity is not well understood. The capacity of BTV for rapid
genetic change presents risks associated with the emergence of new
pathogenic strains and spread into new geographic areas through
adaptation to new hosts and/or vectors.

In this study, we investigated the evolutionary dynamics of BTV 1
at a single surveillance site in northern Australia (BHF, NT). Whole-
genome sequences were determined for 17 BTV 1 isolates collected
during the period 1982 to 2010 and analyzed in the context of the
genome sequences previously determined for 10 Australian BTV pro-
totype serotypes isolated in the NT from 1977 to 2010. Estimation of
selection pressure acting on BTV genome segments showed that all
segments evolved under strong purifying (negative) selection. The
obligate replication in alternate hosts (insect vector and vertebrate
hosts) imposed strong evolutionary constraints. The analysis revealed
a complex pattern of virus entry into Australia and genome segment
reassortment indicative of a dynamically evolving gene pool and the
selection of temporarily dominant genotypes.

MATERIALS AND METHODS

Virus isolation from sentinel cattle. The 17 BTV 1 isolates used in the
study were isolated from blood collected from sentinel cattle at BHF, NT
(12.6213 S, 131.30529 E), where long-term monitoring of BTV activity is
undertaken. Sentinel cattle (12 to 24 per year) are replaced annually with
serologically naive animals sourced from outside the BTV transmission
zone. There was some variation in the timing and duration of deployment
of the sentinel herds. Where possible, virus isolation dates have been con-
solidated by calendar year or tropical wet season (which spans calendar
years, e.g., 2006—2007).

Virus isolation was conducted on lithium heparin blood or EDTA
blood using three culture systems based upon (i) 10- to 11-day-old em-
bryonated chicken eggs inoculated with 0.05 ml of packed red cells; (ii)
BHK-BSR cells; and (iii) Aedes albopictus cell cultures (C6/36) inoculated
with 0.1 ml of plasma-buffy coat-red cell interface. After multiple blind
passages, cultures were examined for cytopathic effects on BHK-BSR cul-
tures (20). Viremia lasted for longer than 1 week for many of the sentinel
animals, and thus multiple isolates were made from the same animal. Each
of these isolations was recorded as a single isolation event (Table 1). From
the total 1,019 BTV 1 isolates, we selected 17 for genome sequencing. Each
isolate was selected from the middle of the 6- to 8-week period in which
BTV 1 transmission was detected in that year by virus isolation from the
sentinel herd animals.

Cell lines, viruses, and ds cDNA preparation. Methods for cultiva-
tion of the BTV isolates in BHK-21 BSR cells and C6/36 (Aedes albopictus)
cells, purification of BTV dsRNA, and preparation of BTV double-
stranded cDNA (ds cDNA) have been described in detail previously (14).
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High-throughput sequencing of BTV ds cDNA. BTV genomic mate-
rial (ds cDNA) was prepared for sequencing using TruSeq (Illumina)
protocols with standard multiplex adaptors available in 2011-2012. Up to
12 viruses per run (multiplexed in a single instrument lane) were se-
quenced as paired-end reads of 75 to 150 base read protocols using an
Ilumina GAIIx instrument.

Sequence assembly. A combination of read mapping and de novo
assembly was used to prepare a consensus sequence for each genome
segment of the BTV 1 isolates. The methods used were those previously
described using Velvet (21) for de novo assemblies and SHRiIMP (22) for
read mapping or using CLC Genomics Workbench version 5.1 (14) (www
.clcbio.com).

Construction of pairwise identity frequency graphs. BTV sequences
containing the coding region of the segment were used for analysis. The
convention adopted for labeling sequences was that used previously (14).
Alignments and phylogenetic analyses were performed with the MEGA5
suite of programs (23) using the nucleotide sequences of the coding region
for each of the genome segments. The best-fit substitution model for each
genome segment was determined, and the model with the lowest Bayesian
information criterion values was used to undertake a maximum likeli-
hood (ML) analysis with 1,000 bootstraps.

Twenty-eight full coding regions of the genomes of Australian BTVs
were used in the analysis: 17 newly sequenced BTV 1 isolates from BHF, 10
Australian BTV prototype serotype isolates (14), and an additional
BTV_2_AUS_20101isolate from cattle blood collected in August 2010 near
Cooktown, Queensland (15.4695 S, 145.2506 E) (GenBank accession
numbers JQ240321 to JQ240330). Percent nucleotide identities between
the complete open reading frames (ORFs) (MEGA program) of all ge-
nome segments were calculated. Pairwise identity frequency graphs were
constructed by plotting all the calculated pairwise identities with the per-
cent identities in the abscissa and the frequency of each of the calculated
pairwise identities in the ordinate. Lineages having possible common or-
igins (temporal or spatial) were assigned on the basis of =98% (segments
1[Seg-1],-2,-3,-4,-5,and -6) or =97% (Seg-7, -8, -9, and -10) nucleotide
sequence identity. The lineages were color coded to provide a visual basis
for interpretation of the relationships and origins of the segments (Table
2). The topotype nomenclature for phylogenetic groups was that used by
Maan et al. (3, 24) and Boyle et al. (14).

Analysis of Australian BTV sequences for evidence of potential re-
combination events. The MEGA5 MUSCLE-aligned nucleotide se-
quences were subjected to testing for potential recombination events us-
ing the RDP version 4 software package (25). Further exploration and
confirmation of possible recombination breakpoints was undertaken us-
ing GARD (http://www.datamonkey.org/GARD) (26).

Comparison of tree topologies to determine coevolution of genome
segments. Pairwise comparisons of tree topographies were undertaken
with the program TreeKO (27). TreeKO is a tree comparison tool that
provides two alternative Robinson-Foulds-based distance metrics (28)
adapted to searching for coevolving protein families and assessing topo-
logical congruence in the inferred order of speciation events. Trees in
Newick format generated from MEGA5 ML analysis with 1,000 boot-
straps were used for the comparison. The “strict distance” is most appro-
priate when searching for protein families with similar histories of dupli-
cation, loss, and speciation events. The “speciation distance” fits better in
studies where the main focus is the underlying species phylogeny. We
adopted a value of 0.6 above which the values were not considered signif-
icant. (The parameters calculated are from 0, exactly similar trees, to 1, no
relationship).

Estimation of evolutionary dynamics. We adopted the approaches
used by Carpi et al. (18) to explore the evolutionary dynamics of the
Australian BTVs. Phylogenies constructed using MEGA5 ML methods
were analyzed with Path-O-Gen (http://tree.bio.ed.ac.uk/software
/pathogen/) to investigate the temporal signal and clock-like-ness of mo-
lecular phylogenies (29). Rates of molecular evolution and time (years) to
most recent common ancestor (TMRCA) were estimated for each seg-
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TABLE 1 BTV isolations from sentinel herds at Beatrice Hill Farm, Northern Territory, by serotype, year, and number of isolates

. b No. of
BTV 1 No. of BTV isolates for serotype: Total no. of % total  serotypes
Surveillance yr  isolate(s)” 1 2 3 7 9 15 16 20 21 23 isolates by yr inyr
1977 None 0 1 1 0.04 1
1978 None 0 0 0.00 0
1979 CSIRO156 1 1 2 0.08 1
1980 None 0 0 0.00 0
1981 DPP0065 1 3 4 0.16 2
1982 None 0 1 8 6 15 0.60 3
1983 1 1 2 0.08 2
1984 31 1 19 51 2.05 3
1985 None 0 3 1 4 0.16 2
1986 DPP1000 39 6 2 1 17 65 2.61 5
1987 None 0 68 68 2.73 1
1988 DPP1523 47 122 169 6.80 2
1989 DPP1523 6 71 114 191 7.68 3
1990 None 0 0 0.00 0
1991 None 0 20 20 0.80 1
1992 None 0 198 1 199 8.00 2
1993 DPP2559 52 52 2.09 1
1994 DPP3072 135 8 143 5.75 2
1995 None 0 79 164 243 9.77 2
1996 DPP4032 1 59 60 2.41 1
1997 DPP4100 137 84 221 8.89 2
1998 53 53 2.13 1
1999 DPP4588, 75 21 96 3.86 2
DPP4690
2000 62 62 2.49 1
2001 15 14 99 128 5.15 3
2001-2002 DPP5775, 42 42 1.69 1
DPP5844
2002-2003 91 91 3.66 1
2003-2004 DPP6112 36 1 11 48 1.93 3
2004-2005 DPP6504 1 57 6 64 2.57 3
2005-2006 60 24 1 85 3.42 3
2006-2007 None 0 10 10 0.40 1
2007-2008 DPP7137 54 30 84 3.38 2
2008-2009 None 0 61 45 106 4.26 2
2009-2010 DPP8086 39 1 4 44 1.77 3
2010-2011 DPP8304 40 3 21 64 2.57 3
Total no. (%) 1,019 (41.0) 94 (3.8) 211(8.5) 14(0.6) 19(0.8) 3(0.1) 436(17.5) 348 (14.0) 222(8.9) 121(4.9) 2487
of isolations

“ BTV 1 isolate(s) sequenced in this study. “None” indicates that no BTV 1 was isolated in that year.

¥ Underlined boldface numbers indicate years in which previously sequenced prototype serotypes were isolated.
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TABLE 2 Relationships of genome segments of BTV 1 isolates from Beatrice Hill Farm, Northern Territory, to Australian BTV prototype serotypes®

Serotype  Isolate”  Year S1VP1 S2VP2  S3VP3 S4 VP4 S5 NS1° S6VP5  S7VP7 S8NS2  S9 VP6/NS4 S10 NS3/3a
BTV_1  CSIRO156 1979 |NiN2a, 0N ian i 26,0, c e oo oA a0 SN0 25,0 828 9,80
G 1980
BTV_1 DPPOOSS 1981 | 1,23,3  1a  1,23,9,3 [20,1,0 20,4 (A1 1a [120/1;28/97 720,47 1,23,9,3 1,239,3
g 1982
1983
1984
G 1985
BTV_1 DPP1000 1986 10 da IR0 20090 91,7 | fa [207,28790T20, A 2004 1,28,9,8
g 1987
BTV_1 DPP1315 1988 15,23,3,1 15,23,3,1 (E)
BTV_1 DPP1523 1989 21,1 21,1 21,1 21,1 (A) 21,1 21,1 21,1 21,1
E 1990
a 1991
S 1992
BTV_1 DPP2559 1993 21,1 - 21,1 21,1 21,1 (A) - 21,1 21,1 21,1 21,1
BTV_1 DPP3072 1994 21,1 21,1 21, 21,1 (A) 21,1 , 21, 21,1
g 1995
BTV_1 DPP4100 1997 21,
1998
BTV_1 DPP4690 1999 21,1
2000
2001
BTV_1 DPP5844 2002 21,1
2003
BTV_1 DPP6504 2005 21,
2006
2 2007
BTV_t DPP7137 2008 [FAN b B e 21,1 e 75 e
G 2009
BTV_1 DPP8086 2010 2,1 2,1 2,1 2,1 (E) 2,1 2,1 2,1
BTV_1 DPP8304 2010 21,1 21,1 21,1
BTV.20  CSIRO19 1977 20,15 20 20 20
BTV_21 DPP0086 1979 21,1 21 21,1 21,1 21,1 (A) 21 21,1 21,1 21, 1
BTV_15  DPP0192 1982 20,15 15 15 15,23,3,1 15,23,3,1 (E) 15 15 5
BTV_23  DPP0090 1982 (N2l 23 15,23,3,1 15,23,3,1 (E) 23
BTV_9 DPP0837 1985 9,7 9 & 9,1,7 (A) 9
BTV_16  DPP0965 1986 16 16 16 16 16 (E) 16
BTV_3 DPP0873 1986 [iN28i@ll 3 [N28)98N 15,23,3,1 15,23,3,1 (E) 3
BTV_7 DPP6963 2007 9,7 7 7 7 9,1,7 (A) 7 7 7
BTV_2 DPP7291 2008 2,1 2 2,1 2,1 2,1 (E) 2 2,1 2,1 2,1 2,1
BTV 2 Cooktown 2010 2,1 2 2,1 2,1 2,1(E) 2 2,1 2,1 2,1 2,1

“ Lineages having possible common origins (temporal or spatial) were assigned on the basis of >98% (segments 1, 2, 3, 4, 5, and 6) or >97% (segments 7, 8, 9, and 10) nucleotide
sequence identity. The lineages were color coded to provide a visual basis for interpretation of the relationships and origins of the segments. The topotype nomenclature for
phylogenetic groups was that used by Maan et al. (3, 24) and Boyle et al. (14). Numbers identify the serotype in which the sequence cluster occurs in year order, e.g., for segment 1,
“I, 23, 3”7 are serotypes 1 (1979), 23 (1982), and 3 (1986). Boxes without color indicate segments for which the lineage does not occur within the BTV 1 viruses sequenced.

% 1o BTV 1 was isolated at BHF in this year.
¢ (E), eastern topotype; (A), Australian topotype.

ment using a Bayesian Markov chain Monte Carlo (MCMC) approach as
implemented in the BEAUTi and BEAST packages (30). We tested several
models of nucleotide substitution; however, to provide consistency across
all segments, we adopted the SRD06 model. This model, labeled
HKY,,, + CP,,, + I'|},, provided the best model for RNA viruses (31).
The MCMC was run for a sufficient number of generations to ensure con-
vergence of all parameters (usually a minimum of 107 to 10%) with a strict
clock and uniform priors. The program Tracer (version 1.4; A. Rambaut and
A. J. Drummond, 2007 [http://beast.bio.ed.ac.uk/Tracer]) was used to in-
spect the posterior distributions and the estimates of evolutionary parame-
ters. The maximum clade credibility trees and posterior estimates of TMRCA
were examined and displayed in FigTree (version 1.4.0; A. Rambaut, A.
Drummond, J. Heled, P. Lemey, T. de Oliveira, O. Pybus, B. Shapiro, and M.
Suchard, 2012 [http://tree.bio.ed.ac.uk/software/figtree/]).

Measurement of gene- and site-specific selection pressures acting on
BTV 1 genome segments. Gene- and site-specific selection pressures were
analyzed using six codon-based ML algorithms or Bayesian inference
methods (MEME, SLAC, FEL, IFEL, REL, and FUBAR) implemented at
the Datamonkey server (www.datamonkey.org) (26).
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Nucleotide sequence accession numbers. BTV 1 nucleotide se-
quences determined in this study have been assigned GenBank accession
numbers KM099506 to KM099675.

RESULTS

Isolation of BTV from sentinel cattle at BHF, NT. BTV 1 was first
isolated from cattle blood collected in 1979 at BHF, NT, during
long-term surveillance programs (serology and virus isolation) at
BHF and other locations throughout northern Australia (32). At
BHF in the period 1977 to 2010-2011, 2,487 BTV isolations were
made (Table 1). BTV 1 was the most frequently isolated serotype,
representing 41% (1,019) of all isolations, followed by BTV 16
(17.5%, 436) and BTV 20 (14%, 348). The frequencies of isolation
of the other seven Australian serotypes were each <10% (BTV 2,
3.8%, 94; BTV 3, 8.5%, 211; BTV 7, 0.6%, 14; BTV 9, 0.8%, 19;
BTV 15, 0.1%, 3; BTV 21, 8.9%, 222; BTV 23, 3.9%, 121) (Table
1). In spite of its high frequency of isolation, BTV 1 was not iso-
lated in every surveillance year. From 1977 to the 2010-2011 sur-
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veillance year, there were 12 years in which BTV 1 was not isolated
from sentinel animals at BHF. In the years 1977 to 1986, eight BTV
serotypes (BTV 1, -3, -9, -15, -16, -20, -21, and -23) were isolated
for the first time. Additional serotypes were not identified for 20
years thereafter, when in 20062007 and 2007-2008, BTV 7 and
BTV 2, respectively, were isolated for the first time. The high fre-
quency of detection of novel serotypes between 1977 and 1986
probably reflected primary isolation of serotypes already present,
whereas the isolation of BTV 2 and BTV 7 more than 20 years after
the commencement of the surveillance program reflected the in-
troduction of novel serotypes. In the case of BTV 3 and -16, first
detected in 1986, retrospective serological investigations sug-
gested that these serotypes were novel introductions. These con-
clusions need to be viewed in light of the observation that many of
the serotypes first isolated between 1977 and 1986 were subse-
quently not isolated at BHF again for up to 20 years (e.g., BTV 3
was not isolated between 1992 and 2007-2008, BTV 9 between
1987 and 2000, and BTV 20 between 1978 [insect pool isolation]
and 1991 [cattle blood isolation]). Local extinction and reintro-
duction of BTV serotypes from within Australia or from outside
Australia appeared to have occurred regularly. Between the 1977
and 2010-2011 surveillance seasons, there were only three years in
which no BTVs were isolated. Usually one to three serotypes were
isolated each year. The maximum number of serotypes isolated in
any 1 year was five in 1986 (BTV 1, -3, -9, -15, and -16) (Table 1).

Genome segment lineages over 30 years: genome reassort-
ment and introduction events. Seventeen BTV 1 isolates (1981 to
2012) from a single surveillance site (BHF, NT) were sequenced
(Table 3). The BTV 1 isolates were selected on the basis of vi-
ruses present at the midpoint of the 6- to 8-week period in
which transmission was detected in that year by virus isolation.
Fifteen of the 22 years (70%) in which BTV 1 transmission was
detected were represented by these viruses. Analysis of the re-
lationships of genome segments of these isolates and the pro-
totype isolates of all other Australian prototype serotypes (1977
to 2010) revealed four major periods of BTV 1 evolution: 1979
to 1988, 1989 to 1994, 1996 to 2009, and 2010 (Table 2; see also
Fig. S1 in the supplemental material). Each was marked by a
period of relative stability of evolving genome segments fol-
lowed by replacement and extinction by the introduction of
novel genome segments. Within and between each of the four
periods there was evidence of reassortment involving some but
not all genome segments.

In the period 1979 to 1988, some BTV 1 genome segment lin-
eages showed stability (Seg-2, -6, -7, and -10), while others were
replaced in reassortment events involving other BTV serotypes
(Seg-1, -4, -5, -8, and -9). This resulted in a complex pattern of
genomes for those viruses sequenced from 1986 to 1988. In 1988 —
1989, the preexisting BTV 1 genome segment lineages were
completely replaced by a new BTV 1 with genome segments
(other than Seg-2 and Seg-6) derived from lineages present in
BTV_21_DPP0086_1979 (Seg-1, -3, -4, -5, -7, -8, -9, and -10).
The Seg-2 (VP2) and Seg-6 (VP5) lineages (which define sero-
type) post-1989 were distinctly different from the preexisting
lineage in viruses present from 1979 to 1988. The origin of
these genome segment lineages could not be determined; how-
ever, they could have been introduced to BHF from viruses that
had already existed for some time elsewhere in Australia or had
recently been introduced from outside Australia.

In 1996, the BTV 1 genome segments were substantially re-
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TABLE 3 BTV 1 isolates from Beatrice Hill Farm, Northern Territory,
subjected to genome sequencing

Passage history of viruses

Isolate Date isolated ~ Animal sequenced”

DPP0065  07-Apr-1981  Cow 3858 LiHep-B-B-B-B-B-A-B
DPP1000  24-Apr-1986  Cow 6 LiHep-E-A-B-B-B-B
DPP1315  07-Apr-1988  Bull 25 LiHep-E-A-B-B-B-B
DPP1523  01-Feb-1989  Cow 32 LiHep-E-A-B-B-B-B-B-A-B
DPP2559  06-May-1993  Cow 12 LiHep-E-A-B-B-B-B
DPP3072  17-Feb-1994  Cow 30 LiHep-E-A-B-B-B-B
DPP4032  27-Dec-1996  Cow 31 LiHep-E-A-B-B-B-B-A-B
DPP4100  20-Jan-1997  Cow 3 LiHep-E-A-B-B-B-B-B-A-B
DPP4588  25-Feb-1999  Cows 18-24  LiHep-E-A-B-B-B-B-B-A-A-B
DPP4690  05-Aug-1999  Steer 59 LiHep-E-A-B-B-B-B-A-B
DPP5775  19-Feb-2002  Steer 47 LiHep-E-A-B-B-B-B
DPP5844  03-Apr-2002  Steer 49 LiHep-E-A-B-B-B-B-B
DPP6112  29-Jan-2004 Steer 31 LiHep-E-A-B-B-B-B-B-A-B
DPP6504  30-Jun-2005  Steer 50 LiHep-E-A-B-B-B-B
DPP7137  17-Jan-2008 Steer 46 LiHep-E-A-B-B-B-B
DPP8086  11-Feb-2010  Steer 49 LiHep-E-A-B-B-B-B
DPP8304  12-Aug-2010  Steer 11 EDTA-A-B-B-B

@ LiHep, lithium heparin blood; EDTA, EDTA blood; A, Aedes albopictus cell line C6/36;
B, BHK-21 cells prior to 1996 and BHK-BSR cells from 1996 onward; E, embryonated

eggs.

placed with novel lineages, with the exception of Seg-2 (VP2),
Seg-6 (VP5), and Seg-7 (VP7), which were descendants of genome
segments existing from 1989 to 1994. The origins of genome
Seg-1, -3, -4, -5, -8, -9, and -10 could not be determined, since
there were no lineages in other sequenced Australian BTV with
strong relationships. The BTV 1 genome lineages detected first in
1996 persisted at BHF for 12 years, to 2008. During this period, a
distinct pattern of evolution over time was observed for each ge-
nome segment (see Fig. S1 in the supplemental material).

BTV 2 was first detected at BHF in 2008. By 2010, BTV_1_
DPP8086 carried 8 of 10 genome segments from BTV 2, with only
Seg-2 (VP2) and Seg-6 (VP5) originating from Australian BTV 1. A
second 2010 virus, BTV_1_DPP8304, was also a reassortant, with
genome segments of multiple origins. Genome segments (Seg-1, -3,
and -10) represented in BTV 1 from 1989 to 1994 reappeared in this
virus along with genome segments (Seg-2, -4, -5, -6, -8, and -9) from
viruses present in 1996 to 2008. Intriguingly, Seg-2 (VP2) and Seg-6
(VP5) of the two 2010 BTV 1 isolates were more closely related to
genome segments present in the early history of these lineages (1989)
than to those detected immediately prior to 2009. This finding sup-
ported the conclusion that complex patterns of genome segment re-
assortment and reintroduction to BHF from elsewhere in the Austra-
lian environment and from outside Australia had taken place during
the period 2008 to 2010.

Analysis of Australian BTV sequences for evidence of recom-
bination. The MEGA5 MUSCLE-aligned nucleotide sequences
were tested for evidence of recombination events by using the
RDP software package and GARD. For Seg-2 and Seg-6, only Aus-
tralian BTV 1 isolates were tested. Evidence of recombination mo-
saics was found in Seg-1 of BTV_3_DPP0973_1986 (Geneconv,
BootScan, and 3Seq) and Seg-5 of BTV_1_AUS_DPP2559_1993
(Geneconv, BootScan, and RDP). GARD did not confirm the po-
tential recombination events and breakpoints in Seg-1. Although
a potential recombination event was identified in Seg-5, it was not
significant. GARD did not identify any recombination events in
the other Australian BTV genome segments.
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TABLE 4 Comparison of tree topologies to determine coevolution of genome segments using TreeKO

Distance for protein segment”:

Protein and VP1 VP2 VP3 VP4 NS1 VP5 VP7 NS2 VPe6 NS4 NS3 NS3A
segment sl s2 s3 s4 s5 s6 s7 s8 s9 s9 s10 s10
VP15l 0 0.755 0.411 0.769 0.769 0.658 0.664 0.764 0.846 0.885 0.808 0.769
VP2s2 0.688 0 0.7 0.853 0.902 0.438 0.732 0.85 0.804 0.853 0.707 0.755
VP3s3 0.4 0.625 0 0.843 0.804 0.55 0.743 0.76 0.607 0.647 0.764 0.686
VP4 s4 0.769 0.812 0.84 0 0.423 0.853 0.748 0.57 0.615 0.654 0.923 0.885
NS1 s5 0.769 0.875 0.8 0.423 0 0.853 0.706 0.607 0.615 0.654 0.923 0.885
VP5 s6 0.562 0.438 0.438 0.812 0.812 0 0.732 0.85 0.707 0.755 0.755 0.707
VP7s7 0.636 0.688 0.727 0.727 0.682 0.688 0 0.786 0.832 0.874 0.874 0.832
NS2 s8 0.76 0.812 0.76 0.56 0.6 0.812 0.773 0 0.725 0.764 0.921 0.921
VP6 s9 0.846 0.75 0.6 0.615 0.615 0.625 0.818 0.72 0 0.231 0.846 0.769
NS4 s9 0.885 0.812 0.64 0.654 0.654 0.688 0.864 0.76 0.231 0 0.846 0.769
NS3 510 0.808 0.625 0.76 0.923 0.923 0.688 0.864 0.92 0.846 0.846 0 0.154
NS3A s10 0.769 0.688 0.68 0.885 0.885 0.625 0.818 0.92 0.769 0.769 0.154 0

“ Values for speciation distance (rows) and strict distance (columns) of <0.6 are underlined and in bold italics. 0, exactly the same trees; 1, trees have no relationship.

Comparison of tree topologies to determine coevolution of
genome segments. Inspection of the tree topologies of the ge-
nome segments of BTV 1 and other Australian BTV serotypes
suggested coevolution of some segments over the 33 years (1977 to
2010), e.g., Seg-2 (VP2) and Seg-6 (VP5) and Seg-1 (VP1) and
Seg-3 (VP3) (see Fig. S1 in the supplemental material). We for-
mally tested for segment coevolution by a pairwise analysis of trees
using TreeKO for each genome segment and any coencoded pro-
teins (Table 4). Strong evidence was obtained for coevolution of a
coencoded protein sequence for Seg-9 (VP6 and NS4) and Seg-10
(NS3 and NS3a). TreeKO analysis showed evidence for two net-
works of coevolving genome segments: A, Seg-1 (VP1) and Seg-3
(VP3), Seg-1 (VP1) and Seg-6 (VP5), Seg-2 (VP2) and Seg-6
(VP5), Seg-3 (VP3) and Seg-6 (VP5), and Seg-3 (VP3) and Seg-9
(VP6); and B, Seg-4 (VP4) and Seg-5 (NS1), Seg-4 (VP4) and
Seg-8 (NS2), and Seg-5 (NS1) and Seg-8 (NS2) (Fig. 1).

Estimation of evolutionary dynamics and selection pres-
sures on BTV 1 genome segments at BHF. A strong temporal
signal and clock-like molecular evolutionary dynamics were de-
tected in the lineages of six Australian BTV genome segments:
Seg-1, -2, -6, -8, -10 (correlation coefficients of >0.75), and -5
(correlation coefficient of ~0.5) (Table 5). Other segments had
low (0.3 to 0.4) or insignificant correlation coefficients, suggesting

| Seg-2 VP2 I

0.438

0.438

0.6

0.562

Seg-1 VP1

0.423

Seg-4 VP4

Seg-8 NS2

FIG 1 Coevolving genome segment networks. Comparison of tree topologies
using TreeKO.
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that insufficient sequences and high rates of reassortment con-
founded any temporal signals. The Bayesian coalescent estimates
of mean substitution rates for all genome segments were tightly
clustered in the range of 3.5 X 10™* to 5.3 X 10~ * substitutions
per site per year (95% highest probability density [HPD]; 1.8 X
107* to 7.18 X 10~ *) (with the exception of Seg-9 [NS4])
(Table 5). The SRD06 model (data presented here) has been iden-
tified as the most appropriate for RNA viruses, but rate estimates
were similar for each of the other molecular clock models tested
(31).

Estimates of TMRCA (years) showed that BTV Seg-1, -3, -4, -7,
and -10 (range of mean TMRCA estimates, 164 to 210 years) had
entered Australia at similar times and possibly at the time of the
first introduction of cattle to Australia (Table 5). Seg-2, -6, -8, and
-9 (range of mean TMRCA estimates, 63 to 107 years) had more
recent origins, while Seg-5 had older ancestors (mean TMRCA,
667 years; range, 396 to 1,012 years).

All BTV genome segments were found to be evolving under
strong purifying (negative) selection, irrespective of the model
used for analysis (see Table S1 in the supplemental material).
FUBAR analysis identified only three sites in the 12 coding se-
quences of the BTV genome under pervasive diversifying (posi-
tive) selection with a posterior probability of =0.9. Altogether,
3,148 sites were identified as under pervasive purifying (negative)
selection. Pervasive diversifying (positive) selection was identified
at position 188 (Thr, Ala, and Val) of Seg-2 (VP2). However, none
of the other models identified this position, i.e., position 211 (Lys,
Arg, and Gln) of Seg-5 (NS1) by FUBAR, MEME, FEL, and IFEL
and position 203 (Ala, Thr, Pro, Ser, and Val) of Seg-9 (VP6) by
FUBAR, MEME, SLAC, FEL, and IFEL, as under positive selec-
tion. Several other sites were identified as under positive selection
by two or more models but not by FUBAR; Seg-4 (VP4) site 206
(Gln, Leu, and Arg) (MEME and FEL) and site 312 (Lys, Arg, and
Met) (MEME and IFEL), Seg-8 (NS2) site 242 (Phe and Gly) (FEL
and IFEL), Seg-9 (VP6) site 84 (Leu and Val) (MEME and FEL),
and site 208 (Asp, Ser, and Asn) (MEME and IFEL). REL did not
identify any sites under positive selection.

Segment 9 (NS4) truncated-gene version. NS4 from the Aus-
tralian BTV Seg-9 is highly conserved, with two viruses (BTV_1_
AUS_199_DPP4690 and BTV_15_AUS_1982_DPP0192) having
an NS4 of 79 amino acids and the remainder (25 viruses) having
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TABLE 5 Estimation of evolutionary dynamics of BTV at Beatrice Hill Farm, Northern Territory, from Path-O-Gen and Beast analyses®

BTV segment  No. of No. of Correlation coefficient for TMRCA? (95%
(protein) amino acids ~ sequences  Daterange  best-fitting root Substitution rate”  95% HPD® HPD)

1(VP1) 1,302 28 1977-2010 0.7583 4.34E—04 3.47E—4t0 5.17E—4 210 (171-252)
2 (VP2) 961 18 1979-2010 0.9717 3.92E—04 291E—4to4.91E—4 85 (67-105)

3 (VP3) 901 27 1977-2010 0.3626 4.40E—04 3.24E—4 to 5.50E—4 173 (130-218)
4 (VP4) 644 28 1977-2010 0.3946 4.75E—04 3.25E—4 to 6.19E—4 164 (120-216)
5 (NS1) 552 28 1977-2010 0.4914 4.55E—04 2.62E—4 to 6.44E—4 667 (396-1012)
6 (VP5) 526 18 1979-2010 0.9672 4.77E—04 3.05E—4 to 6.58E—4 63 (47-82)

7 (VP7) 349 24 1977-2010 —0.3642 3.56E—04 1.80E—4 to 5.33E—4 188 (101-295)
8 (NS2) 354 27 1977-2010 0.7811 5.27E—04 3.36E—4to 7.18E—4 102 (73-137)

9 (VP6) 330 28 1977-2010 —0.0149 4.46E—04 2.48E—4 to 6.42E—4 107 (45-182)
9 (NS4) 77-79 28 1977-2010 0.3635 6.66E—04 2.69E—4 to 1.12E—3 83 (48-131)
10 (NS3) 229 28 1977-2010 0.7742 3.79E—04 2.10E—4 to 5.63E—4 210 (120-319)
10 (NS3a) 216 28 1977-2010 0.7504 4.08E—04 2.24E—4 to 6.06E—4 209 (120-318)

@ Data for segments with low correlation coefficients are underlined and in bold italics.

b Nucleotide substitutions per site per year. The model used was SRD06 (31). The following segments were excluded: Seg-3 of BTV 15; Seg-7 of BTV 3, -7, -15, and -16; and Seg-8 of

BTV 15.
¢ HPD, highest probability density.

4 TMRCA, time to the most recent common ancestor before the most recent date of isolation (in years).

77 amino acids. The single exception to this is BTV_1_AUS_
1981_DPP0065, in which the the NS4-coding region is truncated
at amino acid residue 23. Residue 24 of the NS4-coding sequence
TGG (Trp) becomes TGA (stop). Inspection of the sequencing
confirmed that 99.01% (10,112/10,213) of reads at this location
showed a G—A change.

DISCUSSION

Virus isolations from long-term surveillance programs at BHF,
NT, have allowed an analysis of the evolutionary dynamics of BTV
1 over 30 years in northern Australia. High rates of BTV transmis-
sion at BHF during the monsoon wet season result from the pres-
ence of large populations of vectors and cattle. Ten BTV serotypes
have been isolated from sentinel cattle held at BHF over the period
1979 to 2010. BTV 1 was the most frequently isolated serotype
(40% of all BTV isolations). Other BTV serotypes were isolated
less frequently, and there were long periods during which many
serotypes were not isolated, suggesting local extinction followed
by reintroduction from within or outside Australia. In the early
period of the surveillance program (1977 to 1986), eight BTV
serotypes (1, 3,9, 15, 16, 20, 21, and 23) were isolated. These may
have already been present in northern Australian prior to the in-
stitution of the surveillance program. Retrospective serological
investigations following the detection of BTV 3 and BTV 16 sug-
gested, however, that these serotypes were novel introductions.
Evidence for the introduction of BTV serotypes by the entry of
wind-borne infected Culicoides species is supported by the isola-
tion of BTV 7 (2006—-2007) and BTV 2 (2008-2009) (14-17). In
the case of BTV 2, analysis of the genome segments showed many
to be closely related to cognate segments of viruses from Taiwan
and Asia and not to an Australian BTV serotype.

Analysis of genome segments of 17 BTV 1 isolates obtained
from BHF over the period 1979 to 2010 revealed a complex pat-
tern of relative stability of evolving segments followed by replace-
ment and apparent local extinction with the introduction of novel
genome segments. Four distinct periods with evidence of reassort-
ment events involving some but not all genome segments having
taken place in the change between each of the four periods were
identified. In Europe, BTV reassortment in the field has been doc-
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umented with genome segments from live attenuated vaccine
strains being detected in field strains (33) and field strains being
identified with genome segments from multiple serotypes (24,
34). With the potentially high rate of reassortment and the ab-
sence of genetic markers for virulence and vector competence in
BTV, it is difficult to determine the risks associated with novel
BTV genotypes generated by segment reassortment (35). Intraseg-
ment recombination has been described as an additional mecha-
nism for the generation of genetic diversity in BTV (19); however,
we found no evidence that recombination contributed to the gen-
eration of genetic diversity among Australian BTVs.

Structural and functional relationships of encoded BTV pro-
teins (36) may be reflected in evolutionary constraints on the ge-
nome segments. TreeKO analysis of tree topologies identified two
coevolving networks of genome segments. Some of the identified
relationships are consistent with known structural and functional
relationships of BTV proteins, such as VP2 (Seg-2) and VP5 (Seg-
6), which constitute the outer capsid proteins and are exposed on
the mature virions. VP2 defines the major serotype, with a contri-
bution from VP5. There may be preferential reassortment of VP2
and VPS5 genes, as we have observed; however, a recent study (34)
of BTV 1 and BTV 8 in cell culture established that reassortment is
an extremely flexible process and that there may be no fundamen-
tal barriers to reassortment of any genome segments. The identi-
fication of coevolving genome segments in the field isolates de-
scribed here suggests that reassortment in the field in the context
of the obligate alternating hosts (insect and vertebrate) is a process
constrained by multiple stochastic and deterministic factors such
as structural and functional relationships, vector and host species
and population sizes, host immunity, vector specificity, and dis-
tribution in space and time of parental virus strains.

Cattle were brought to the NT in the 1820s. By 1910, the majority
of the areas currently used by the pastoral industry were occupied.
Today approximately 55% (675,000 square kilometers) of the NT,
ranging from high-rainfall, monsoonal areas in the north to arid re-
gions in the south, with an estimated cattle population of 1.7 million,
is involved. The pastoral industry has undergone many changes dur-
ing the past 200 years. There have been cycles of boom and bust,
substantial destocking as part of a program to eradicate brucellosis
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and tuberculosis, and changes in the genetic makeup of the cattle with
the replacement of European breeds (Bos taurus) with predomi-
nantly Asian breeds (Bos indicus) more suited to conditions in
northern Australia and resistant to ticks. Available vector species
may also have impacted the evolution of BTV in Australia. Culi-
coides brevitarsis is the most widely distributed vector, but it is an
obligate breeder in cattle dung, suggesting that it may have entered
Australia along with or subsequent to the introduction of cattle. At
BHF, Culicoides brevitarsis is not the most abundant vector species
present. During the monsoon season, Culicoides actoniis the dom-
inant vector. How changes in host and vector populations and
genetics impacted the transmission and evolution of BTV in
northern Australia is undoubtedly complex.

Estimates for TMRCA (years) of BTV genome segments at
BHEF for Seg-1, -3, -4, -7, and -10 (TMRCA range of mean esti-
mates, 164 to 210 years) suggested that viruses carrying these seg-
ments may have entered the NT around the time of the introduc-
tion of cattle. In contrast, TMRCA for other genome segments,
Seg-2, -6, -8, and -9 (TMRCA range of mean estimates, 63 to 107
years), suggests introduction since the establishment of the cattle
industry in NT. TMRCA (667 years; range, 396 to 1,012 years) of
Seg-5 (NS1) suggests older origins for the ancestors of Seg-5 in the
Australian BTV genome segments, but inspection of the phyloge-
netic tree suggests several lineages whose common ancestors
could have been introduced at the time of the entry of cattle or
subsequently. A complex pattern of virus and segment introduc-
tion has occurred since the introduction of cattle to the NT. This
has been followed by segment reassortment and evolution result-
ing in the genomes currently present in BTV 1 at BHF, NT.

Estimation of the selection pressure acting on BTV 1 genome
segments showed that all segments evolved under strong purifying
(negative) selection irrespective of the model used for analysis.
The obligate replication in alternate hosts (insect vector and ver-
tebrate hosts) of vector-borne RNA viruses imposes strong evolu-
tionary constraints (37—40). The alternating host requirements
impose constraints on adaptation due to fitness trade-off or dif-
ferent fitness landscapes for replication in each of the hosts. Ad-
ditionally, the arbovirus transmission cycle can impose popula-
tion bottlenecks that constrain adaptive evolution by limiting the
efficiency of selection (37). In the case of BTV at BHF, NT, only
three sites were identified (FUBAR) as under positive selection
over 33 years in the 27 BTV genomes analyzed. The Bayesian co-
alescent estimates of mean substitution rates were clustered in the
range 3.5 X 10™* to 5.3 X 10~ * substitutions per site per year. In
comparison with non-vector-borne members of the Reoviridae,
BTV is evolving far less rapidly. Estimated rates of genome evolu-
tion for group B rotaviruses from western India were 10-fold
higher (1.36 X 1077 to 4.78 X 10~ substitutions per site per year)
(41). This difference is consistent with the strong evolutionary
constraints imposed on orbiviruses by obligate replication in al-
ternate hosts (18).

A novel BTV nonstructural protein (NS4) encoded by Seg-9 in
the +1 reading frame has recently been identified and character-
ized. The NS4 protein is 77 to 79 amino acids in length and is
highly conserved. It appears to play an important role in virus-
host interactions, but it appears to be dispensable for BTV repli-
cation (42, 43). The truncated coding region identified in
BTV_1_AUS_1981_DPP0065 retains the N-terminal putative
a-helix of NS4. This amino-terminal basic domain plays an im-
portant role in the nuclear localization of this protein. The C-ter-

13988 jvi.asm.org

minal helix would not be expressed in this BTV NS4, so any prod-
uct would lack DNA binding activity. Interestingly, 1 of 67 BTV
Seg-9 sequences had a premature termination codon within the
NS4 ORF but not at the same location as that observed in
BTV_1_AUS_1981_DPP0065 (43). The nonessential nature of
NS4 may allow some viruses to replicate with mutated ORFs; how-
ever, this may be dependent upon the passage history of the virus
and the ability of NS4 to confer a replication advantage for some
viruses in cells previously exposed to interferon type I (42).

We have documented a complex and dynamic pattern of evo-
lution for BTV 1 at BHF in northern Australia over 30 years. There
was evidence for multiple events of introduction of genome seg-
ments into the local BTV 1 population by reassortment. Genera-
tion of genetic diversity by mutation and selection was tightly
constrained by the strong purifying selection imposed by the al-
ternating insect vector and vertebrate host cycle. We found no
evidence for intrasegment recombination contributing to the evo-
lution of BTV at BHF. The dominant mechanism for generation of
genetic diversity of BTV 1 at BHF, NT, was through the introduc-
tion of new virus serotypes and genotypes and the reassortment of
genome segments with existing viruses.
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