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Abstract Bluetongue virus (BTV) is a midge-borne
member of the genus Orbivirus that causes an eponymous
debilitating livestock disease of great agricultural impact
and which has expanded into Europe in recent decades.
Reassortment among the ten segments comprising the
double-stranded (ds) RNA genome of BTV has played an
important role in generating the epidemic strains of this
virus in Europe. In this study, we investigated the dynamics
of BTV genome segment evolution utilizing time-structured
data sets of complete sequences from four segments,
totalling 290 sequences largely sampled from ruminant
hosts. Our analysis revealed that BTV genome segments
generally evolve under strong purifying selection and at
substitution rates that are generally lower (mean rates of
~0.5-7 x 10~ nucleotide substitutions per site, per year)
than vector-borne positive-sense viruses with single-strand
(ss) RNA genomes. These also represent the most robust
estimates of the nucleotide substitution rate in a dsRNA
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virus generated to date. Additionally, we determined that
patterns of geographic structure and times to most recent
common ancestor differ substantially between each seg-
ment, including a relatively recent origin for the diversity of
segment 10 within the past millennium. Together, these
findings demonstrate the effect of reassortment to decouple
the evolutionary dynamics of BTV genome segments.
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Introduction

Bluetongue virus (BTV) is a midge-borne double-strand (ds)
RNA virus of the family Reoviridae (genus Orbivirus) that is
the pathogenic agent of Bluetongue disease in ruminants.
Bluetongue disease is responsible for considerable morbidity
and mortality in livestock, especially sheep (MacLachlan
1994), although cattle may serve as the main reservoir
(Barrat-Boyes and MacLachlan 1994; Schwartz-Cornil et al.
2008). Importantly, BTV is vectored by several species of
Culicoides midges, and although domestic livestock are
known hosts, wild ruminants may also serve as natural res-
ervoir hosts of BTV (Wilson and Mellor 2008).

Bluetongue disease was first observed during the
importation of Merino sheep into South Africa (Spreull
1905). BTV subsequently spread throughout Africa and
into other continents via the movement of infected animals
in the livestock trade, and through the expansion of the
insect vector range (Wilson et al. 2008), which currently
limits BTV to tropical and temperate regions (i.e., between
latitudes 35°S and 40°N) (Mellor et al. 2008). Interestingly,
significant episodic changes in the geographic distribution
of BTV have been reported in Europe since 1998 (Mellor
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and Wittmann 2002; Purse et al. 2005; Maan et al. 2008;
Saegerman et al. 2008), often involving the introduction of
new BTV strains from different regions (e.g., north Africa;
Maan et al. 2008). Intriguingly, it is believed that the recent
emergence of Bluetongue in northern Europe may have
been driven by climatic changes that increased the over-
winter persistence of BTV in the vector populations and/or
the northward expansion of a BTV-competent vector
(Culicoides imicola; Purse et al. 2008; Wilson et al. 2008).

The BTV genome consists of 10 linear segments of
dsRNA that encode seven structural proteins (VP1-VP7)
and three nonstructural proteins (NS1-NS3). Segments
range in size from 822 to 3954 nt, constituting a genome
approximately 19 kb in size (Mertens et al. 2005). Previous
experimental and computational studies have found that the
BTV genome evolves rapidly via the reassortment of
genome segments, producing antigenic shifts (Oberst et al.
1987; Ramig et al. 1989; de Mattos et al. 1996; Pierce et al.
1998; Bonneau et al. 2001), and through the accumulation
of nucleotide substitutions generated during virus replica-
tion (Kowalik and Li 1991; Jenkins et al. 2002; Hanada
et al. 2004). Reassortment clearly plays a major role in the
generation of genomic diversity. Specifically, while seg-
ments (Seg)-2 and 6 accurately predict overall BTV sero-
type (Mertens et al. 1989), phylogenetic analysis reveals
that Seg-3 and -10 display varying levels of reassortment
(de Mattos et al. 1996; Pierce et al. 1998; Maan et al.
2007). Interestingly, Seg-3, which encodes the inner capsid
protein VP3, is the most conserved segment in the BTV
genome and hence may accurately reflect the geographic
origin of BTV strains by dividing them into the eastern and
western “topotypes” (Pritchard et al. 1995; Maan et al.
2008; Nomikou et al. 2009).

In contrast, less is known about the evolutionary pro-
cesses that shape patterns of nucleotide substitution across
the BTV genome. Among RNA viruses as a whole, vector-
borne viruses are thought to evolve under relatively strong
selective constraints, imposed by the necessity of replica-
tion in two distantly related host species; this, in turn,
reduces the rate of nucleotide substitution, particularly at
nonsynonymous sites (Chare and Holmes 2004; de Mattos
et al. 1996; Holmes 2009; Jenkins et al. 2002; Woelk and
Holmes 2002). As a case in point, a recent study of the
evolution of BTV Seg-3 suggested that very strong puri-
fying selection reduces the rate of substitution at first and
second codon positions (Nomikou et al. 2009). Previous
estimates of the nucleotide substitution rate in BTV have
ranged from 2.2 x 107> to 4.2 x 10™* nucleotide substi-
tutions per site, per year (subs/site/year), which are similar
to those observed in other RNA viruses (Kowalik and Li
1991; Jenkins et al. 2002; Hanada et al. 2004). However,
these comparative studies were strongly biased toward
single-stranded (ss) RNA viruses such that the evolutionary
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dynamics of viruses with dsSRNA genomes, such as BTV,
have received far less attention.

Given the increasing impact of BTV on European
livestock populations and the emergence of new BTV
strains in Europe (Batten et al. 2008; Maan et al. 2008),
revealing the evolutionary and epidemiological dynamics
of epidemic BTV is of great importance. These analyses
are particularly relevant in the context of vaccination
against BTV, which has already been shown to affect the
diversity of BTV in unexpected ways, including the gen-
eration of epidemic strains via reassortment among vaccine
and naturally circulating BTV variants (Batten et al. 2008).
Additionally, understanding the evolutionary dynamics of
BTV will provide more general information on the factors
that shape the genetic diversity of dsRNA viruses. To
address these issues, we applied Bayesian Markov chain
Monte Carlo (MCMC) coalescent analyses to the largest
data set of complete BTV segment sequences assembled to
date. From this, we estimated both rates of nucleotide
substitution and Time to the Most Recent Common
Ancestor (TMRCA) for each genomic segment of BTV.
Importantly, these findings provide valuable information
on the evolutionary processes shaping BTV genetic
diversity, including the extent and impact of reassortment
in the evolutionary history of this virus.

Materials and Methods
Data Preparation

Data sets of complete sequences for 8 of the 10 segments
of the BTV genome (Seg-2, -3, -5, -6, -7, -8, -9, and -10)
were compiled from GenBank (Table 1). Importantly, all
sequences gathered were required to have known geographic
origins and isolation dates, as geographic and temporal data
are of central importance when investigating the evolution-
ary dynamics of rapidly evolving viruses in space and time.

Table 1 Number of sequences for each BTV segment and time range
of virus isolation

BTV Protein Date range No. of sequences:
segment total (post-1980)
Seg-2 VP2 1962-2007 56 (42)

Seg-3 VP3 1962-2006 39 (34)

Seg-5 NS1 1999-2006 20 (20)

Seg-6 VP5 1969-2006 63 (60)

Seg-7 VP7 1986-2007 53 (53)

Seg-8 NS2 1959-2006 23 (21)

Seg-9 VP6 1981-2007 26 (26)

Seg-10 NS3-NS3a 1979-2007 132 (128)
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The isolation dates for all sequences used span the interval
1959t02007. To reduce the effect of small sample sizes, only
segments with more than 20 sequences were considered.
Furthermore, all sequences from BTV strains known to have
been highly cultured were excluded, as were sequences that
have been artificially manipulated (e.g., vaccine strains).
Importantly, although the majority of BTV sequences ana-
lyzed here are from ruminant hosts and not from midge
vectors, this will not affect our estimates of evolutionary
dynamics due to the obligate nature of the vector—host
transmission cycle in BTV, in which such processes as
transmission bottlenecks and differential host selective
pressures will affect all viral lineages alike. For each segment
data set, sequence alignments were created using the
MUSCLE program (Edgar 2004) and then adjusted manually
using the Se—Al alignment editing software (Rambaut 1996)
to maintain reading frame integrity. In total, 412 BTV
sequences isolated over a 40-year sampling period were
collected and examined (the exact time span of the sequences
for each segment are given in the Table 1). In the Seg-2
alignment, a number of gaps due to insertions and deletions
among the different serotypes were observed and included.
As previous studies found evidence for intra-segment
recombination within members of the Reoviridae (Parra
et al. 2004; Anthony et al. 2009), a bootscan/rescan recom-
bination test (Martin et al. 2005) implemented in the RDP3
beta 34 package (Heath et al. 2006) was performed on the
Seg-2, -3, -6, and -10 alignments; no significant evidence for
intra-segment recombination between BTV serotypes was
found. All sequence alignments are available from the
authors upon request.

Estimating Evolutionary Dynamics

Rates of molecular evolution (i.e., nucleotide substitutions
per site, per year) and the TMRCA in years were estimated
for each segment using the Bayesian MCMC approach
implemented in the BEAST package (Drummond and
Rambaut 2007). In each case, the model of nucleotide
substitution that best fit the data set was determined using
ModelTest v3.7 (Posada and Crandall 1998; Posada and
Crandall 2001). Consequently, the data were analyzed
under a General Time Reversible (GTR) model of nucle-
otide substitution with a gamma distribution (I'4) model of
site variation (i.e., GTR + I';), as well as a model that
assigned a different substitution rate to each codon position
(i.e., GTR + CP) and which seems a particularly good
description of RNA virus evolution (Shapiro et al. 2006).
To be as comprehensive as possible, we also estimated
substitution rates using both strict and relaxed (.e.,
uncorrelated lognormal; Drummond et al. 2006) molecular
clocks. Since inferring demographic history (i.e., rates of
population growth and decline) was not the aim of this

study, we utilized the most general Bayesian skyline coa-
lescent prior (Drummond et al. 2005), which allows for
both constant and complex changes in population size
through time. For the analysis under each model, the
MCMC was run for a sufficient number of generations to
ensure convergence of all parameters. The program Tracer
v1.4 (available at http://tree.bio.ed.ac.uk/software/tracer/)
was used to inspect posterior distributions and estimate
evolutionary parameters of interest. Critically, we limited
further analyses to four segments (Seg-2, -3, -6, and -10),
as the MCMC did not converge for the remaining segments
(Seg-5, -7, -8 and -9 data not shown). The most likely
explanation for the nonconvergence of the MCMC was
insufficient temporal information in the segment align-
ments, as the nonconvergent data sets generally comprised
fewer sequences sampled during a shorter interval of time
when compared to those segments for which the MCMC
did converge (Table 1).

As a conservative test of the extent of temporal structure
in the four segment data sets for which substitution rates
were estimated, we performed a regression analysis of root-
to-tip distances against sampling times. This required that
we first estimated maximum likelihood phylogenies for
each segment using the GTR + CP substitution model and
tree-bisection-reconnection (TBR) branch-swapping in
PAUP v4.10beta (Swofford 2001). Phylogenies were also
estimated from sub-sets of sequences for each segment to
identify possible temporal structure in local sub-trees
within complete segment phylogenies. Regressions were
performed with Path-O-Gen v1.1 (Drummond et al. 2003)
and optimal roots that maximize the correlation between
root-to-tip distances and sampling times were used in all
cases.

Phylogenetic Analysis of Geographic Structure

The posterior set of trees produced from the BEAST
analysis was also used to estimate the Maximum Clade
Credibility (MCC) phylogeny for each of the BTV seg-
ments, including the posterior probabilities for the inferred
evolutionary relationships. To determine the extent of
geographic structure in BTV populations, we estimated the
strength of association between phylogenetic relationships
and sampling locations for the four segments that con-
verged in the BEAST analysis: Seg-2, -3, -6, and -10. We
then used the parsimony score (PS; Slatkin and Maddison
1989) and association index (Al; Wang et al. 2001) sta-
tistics to determine the extent of geographical association
with sampling locations across the entire tree, as well as the
maximum monophyletic clade size (MC; Parker et al.
2008) statistic to assess the association with particular
sampling locations. Every sequence for each BTV segment
was coded as coming from one of up to 23 countries
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(Seg-2: 15 countries; Seg-3: 19; Seg-6: 23; and Seg-10: § 3
21). Using the program BaTS v0.90 beta (Parker et al. § . 5
2008), distributions of the three statistics (PS, Al and MC) =g E
were calculated from the posterior samples of BEAST %g %’
trees and compared to null distributions generated by ran- % 1 . - ° w =
domizing the geographic origins of BTV sequences and Py 9 = S 3 g
recalculating across the tree sample to determine the sig- g 5{ it =) el < z
. .. . . . L 4 : g d - -
nificance of the empirical distributions for each segment z8|le = <= S 2
< -
(Parker et al. 2008). The first 10% of sampled trees were E = E z 2 § g
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Orthobunyavirus, Phlebovirus, and Vesiculovirus genera;
Hanada et al. 2004). Notably, when compared to other
dsRNA viruses within the family Reoviridae, BTV appears
to evolve less rapidly than the nonvector-borne members of
this family (e.g., 19.3-8.4 x 10™* subs/site/year for the
Rotavirus and Orthoreovirus genera, formerly named Reo-
virus and Orthoreo, respectively; Hanada et al. 2004). This is
consistent with the hypothesis that strong purifying selec-
tion, imposed by obligate cycling through hosts, reduces the
effective substitution rate of vector-borne viruses (Coffey
et al. 2008). Furthermore, it is possible that the intracellular
encapsulation of the dSRNA genome within a transcriptional
core that protects against host defences acting to eliminate
dsRNA might also protect against cell factors that mutate
ssRNA and so reduce the observed mutation rates, and thus
substitution rates, of dsRNA virus genomes (Duffy et al.
2008). Finally, it is also possible that the relatively low
overall substitution rates observed for BTV reflect a reduced
viral replication associated with persistent infection in the
ruminant reservoir hosts during its enzootic cycle (Stott et al.
1992; Takamatsu et al. 2003); although, the exact mecha-
nism of over-wintering in ruminants has not been determined
either experimentally or in the field (Takamatsu et al., 2003;
Saegerman et al., in press).

Importantly, our rate estimates for individual BTV gen-
ome segments allow us to better understand the influence of
biological function on viral evolutionary dynamics. To
determine how differential selection pressures may have
affected these substitution rates, we also estimated the rate
of nonsynonymous (dy) to synonymous (ds) substitutions
per site, which can be used to identify signatures of puri-
fying (dn/ds < 1) or positive (dn/ds > 1) selection. Sur-
prisingly, we found that Seg-6, which encodes for the VP5
protein that contributes to the outer capsid protein, evolves
at a significantly lower rate (5.23 x 107> subs/site/year;
Table 2) than the other segments, and slower than any rate
estimated for a dsRNA virus to date. The dn/ds analyses
indicate that strong purifying selection may be reducing the
overall substitution rate of Seg-6 (dn/ds = 0.032; Table 2)
compared to other segments. This contrasts with the far
higher substitution rate (4.37 x 10™* subs/site/year) and
higher dy/ds ratio (0.122) estimated for Seg-2, which also
encodes for a capsid protein (VP2). Importantly, VP2
determines BTV serotype and is the most variable segment
in the viral genome, whereas VPS5 plays a smaller role in
capsid construction. Interestingly, Seg-10, which encodes
the NS3/NS3a proteins, has a low dn/ds ratio (0.060) similar
to Seg-6, but a much higher substitution rate (6.94 x 10~*
subs/site/year) similar to that of Seg-2. This might be
explained by functional constraints acting on NS3/NS3a, as
these proteins are required for virion assembly and the
release of virus particles from infected cells. Finally, Seg-3,
which encodes an inner capsid protein (VP3), evolves under

very strong purifying selection (dn/ds = 0.006) and less
rapidly (1.90 x 10~ subs/site/year) than Seg-10, the other
segment not involved with determining serotype analyzed
here. Overall, these results suggest that there may be no
general difference in the evolutionary rates of internal ver-
sus surface (i.e., serotype determining) genomic segments of
BTV. Hence, while the serotype-determining protein (i.e.,
VP2 encoded by Seg-2) might be the target of periodic
positive selection (relatively high substitution rate and dn/ds
value), the remainder of the BTV segments seemingly
evolve under purifying selection (sometimes strongly so),
and the relationship between selection pressure and substi-
tution rate is not consistent across BTV genome segments.

To determine whether our estimates of substitution rate
were robust, we repeated the BEAST analysis with the same
parameters as described above but removing those sequen-
ces isolated prior to 1980 (maximum time span 1980-2007).
This serves as a very conservative control for the accidental
inclusion of highly cultured BTV isolates in our data sets.
The HPD intervals of the substitution rate estimates in this
case overlapped with those of the complete data sets, indi-
cating that very old BTV sequences did not introduce biases
in our substitution rate estimates (Table S1). Notably, the
mean substitution rates estimated from the full and reduced
data sets were very similar, with the sole exception of Seg-3,
which had higher mean estimates from the reduced data set
4.79 x 1074 subs/site/year).

The variation in substitution rates among the BTV
genomic segments is puzzling, particularly the extremely
low rate of Seg-6, which is approximately 1/10th the rate of
Seg-2, -3, and -10. To assess the reliability of our rate
estimates, we plotted regressions of root-to-tip distances
and sampling times for each segment, which serve as
conservative measures of temporal structure in genetic
diversity. Importantly, the low correlation (#* < 0.05) in
the regression for Seg-6 (Fig. 1) is indicative of little
temporal structure over the sampling interval that is con-
sistent with low substitution rates (this is also true when the
Seg-6 phylogeny is divided into two sub-trees; r* = 0.023
and 0.051, respectively). This is visually apparent, for
example, by the lack of divergence between Seg-6
sequences sampled in the United States in 1982 and
India in 2003 (Fig. 1, accession numbers AY855277 and
AJ783904-6). In contrast, regressions performed on the two
well-supported topotype clades of Seg-3 reveal a much
stronger correlation between root-to-tip distance and sam-
pling time (i.e., > = 0.888 and 0.570 for eastern and
western topotypes, respectively), indicative of stronger
temporal structure in the Seg-3 data. Thus, barring possible
laboratory errors, our tests suggest that the substitution rate
of Seg-6 is indeed lower than the other segments and that
the variation in substitution rates between segments is not
artifactual.
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Fig. 1 Regression of root-to-tip
distance against sampling time
for sequences of BTV Seg-6.
Distances taken from maximum
likelihood phylogenies were
regressed and plotted using
Path-O-Gen v1.1 (Drummond
et al. 2003). The full data set
Seg-6 phylogeny was divided
into two sub-trees, comprising
36 and 27 sequences,
respectively, that were analyzed
individually (indicated by
dashed boxes on the
phylogeny). All phylogenies -
were preferentially rooted to
provide maximum correlation
between sampling time and
root-to-tip distance; although,
the phylogeny displayed is
midpoint rooted for clarity

136 sequefices

s s
27 sequences

B e

0.2 substitutions / site

Rate variation of this magnitude may be the product of
three general evolutionary scenarios. First, mutation rates
may vary between segments, although this is highly unli-
kely as all segments replicate using the same RNA poly-
merase. Second, extremely strong purifying selection may
reduce the substitution rate of Seg-6 at both synonymous
and nonsynonymous sites, suggesting that the rates esti-
mated for the other segments are the result of a more rapid
baseline substitution rate. However, the nature of any
purifying selection on synonymous sites remains unclear.
Third, positive selection, coupled with hitch-hiking at
linked neutral sites, may elevate the observed substitution
rates for Seg-2, -3, and -10 above the baseline substitution
rate estimated for Seg-6, although this is not obviously
reflected in mean dn/ds ratios. Importantly, additional
sampling and genome sequencing for all segments of cir-
culating BTV strains will be needed to both validate and
explain these greatly contrasting evolutionary dynamics.

Age of Genetic Diversity of BTV Segments

Our Bayesian MCMC analysis also allowed us to estimate
the TMRCA of the sequences gathered for each BTV
genome segment (see Table 2). These TMRCA estimates
reveal dramatic differences in the history of individual
BTV segments, in turn suggesting that frequent reassort-
ment has effectively de-coupled the demographic histories
of the segments. Specifically, Seg-10 has a mean TMRCA
of 517 years (95% HPD = 163-970), whereas Seg-6 has a
much older TMRCA (mean = 28310, HPD = 12910-
49170), although this is largely a function of very low
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substitution rate in this segment, and Seg-2 and -3 have
intermediate TMRCA estimates (Seg-2: mean = 4295,
HPD = 1637-7624; Seg-3: mean = 2192, HPD = 843-
3836). Interestingly, though the very recent TMRCA of
Seg-10 (mean of 517 years) is an order of magnitude more
recent than the TMRCA for Seg-2 (4295 years), the two
segments have similarly rapid substitution rates (4.37 x
107* and 6.94 x 10~* subs/site/year for Seg-2 and -10,
respectively). Overall, the much older TMRCA estimates
for Seg-2, -3, and -6 suggest that the reduced genetic
diversity of Seg-10 is not likely to have been caused by a
bottleneck or other demographic event, since such events
affect the diversity of the entire genome, but more likely a
localized selective sweep. Furthermore, the nearly two
orders of magnitude difference between the TMRCAs of
Seg-10 and -6 provide clear evidence that reassortment
has shuffled segments with very different evolutionary
histories.

Phylogeography and Reassortment of BTV

Previous studies have found considerable geographic
structure in BTV populations, with an especially strong
east versus west division apparent in the genetic diversity
of Seg-3 (Gould and Pritchard 1990; Pritchard et al. 1995;
Maan et al. 2008; Nomikou et al. 2009). Our analysis also
identified apparent geographic structure in the genetic
diversity of BTV, as demonstrated by the MCC phyloge-
nies for each segment (e.g., Seg-3 and Seg-10 in Figs. 2
and 3, respectively). To assess the strength of this structure
in a more quantitatively rigorous fashion, we calculated
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Fig. 2 MCC phylogeny of 39 —— Africa _
BTV Seg-3 sequences - Americas :| Greece
calculated from the posterior - Asia Y
distribution of trees generated —— Australia ] India
by Bayesian MCMC coalescent —— Europe ] Australia
analysis in BEAST (Drummond E t | Malaysia
and Rambaut 2007). Posterior as o etesla
probabilities >0.70 are 1 |Greece
indicated in italics above ™ Greece
branches of interest, while those | E‘L‘J;‘z’r’ia
branches defining the “East” | lsael __
and “West” topotypes _ ,Fr':[;ce
(Pritchard et al. 1995) are I E"';'I;'a
identified. Branches are colored ] 1.00) I MF;,OKO
to indicate continent of origin, | — 5‘;‘9‘1;?3
with countries identified on the : Netherlands
right-hand side of the |, Zmbakess
phylogeny. The timescale, 1.00
indicated below the phylogeny,
is calibrated to the Common Era Greece
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summary statistics describing the correlation between the
geographic and phylogenetic relationships of the sequences
for each segment from the posterior distribution of gene-
alogies generated in our coalescent analysis of BTV evo-
lutionary dynamics (Table 3). This analysis revealed the
presence of significant geographic structure in the diversity
of all BTV segments studied (i.e., Seg-2, -3, -6, and -10)
when sequences are considered by country (Al: P < 0.001;
PS: P < 0.001; Table 3). Significant structure was also
found for all segments when the sequences were grouped
by continental region (i.e. Africa, the Americas, Asia,
Australia, and Europe; AIl: P < 0.001; PS: P < 0.001;
Table 3). Interestingly, sequences from two continents
showed consistent signatures of population structure in all
four segments, the Americas (MC: P < 0.020 for all seg-
ments) and Europe (MC: P < 0.003). In contrast, sequen-
ces from Asia and Africa had significant signatures of
population structure for only two segments, Seg-10 (MC:
P < 0.001 for sequences from both continents) and Seg-6
(MC: P <0.001 for Asia and P > 0.050 for Africa).
Combined, these results suggest that the BTV populations
in Europe and the Americas may serve as sink populations
while BTV in Asia and Africa may more often act as
source populations. This hypothesis is supported by pre-
vious reports of African BTV strains expanding into Eur-
ope (e.g., Maan et al. 2008).

Although few BTV viral isolates were represented in the
sequence data sets for all segments, which precludes rig-
orous statistical tests of topological congruence between
segment phylogenies, we observed marked topological

inconsistencies in the MCC phylogenies of Seg-2, -3, -6,
and -10. This is supported by the different patterns of
geographic structure and TMRCA estimates between these
segments, and which together confirm the presence of
recurrent reassortment events in the history of BTV. For
example, the phylogeny of Seg-3 (Fig. 2) supports a pre-
viously described division of BTV isolates into “east” and
“west” topotypes (e.g., Maan et al. 2008; Nomikou et al.
2009), whereas the phylogeny of Seg-10 (Fig. 3) displayed
no such division. Additionally, the phylogenies of Seg-2
and -6 (Figures S1 and S2, respectively) do not display the
“east” and “west” divisions seen in Seg-3, nor do they
have the strong geographic structure of Seg-10. This might
be a result of different selection pressures affecting the
evolution of each segment (e.g., possible host immune
selection acting on the diversity of Seg-2, which largely
determines serotype). Interestingly, most of the geographic
structure in all segments dates to within the most recent
millennia, including the possible selective sweep in Seg-
10, which suggests that global movements of livestock
associated with European colonization during the last
500 years may have played an important role in the current
distribution of BTV genetic diversity.

In sum, we show that the evolutionary process in BTV is
shaped by a combination of relatively low rates of nucleo-
tide substitution, itself a function of strong purifying
selection, and frequent inter-segment reassortment that
effectively decouples their evolutionary dynamics. Notably,
our estimates of substitution rate reveal substantial variation
in evolutionary dynamics between BTV segments, and that
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Fig. 3 MCC phylogeny of 132
BTV Seg-10 sequences
calculated from the posterior
distribution of trees generated
by Bayesian MCMC coalescent
analysis in BEAST (Drummond
and Rambaut 2007). Posterior
probabilities >0.70 are
indicated in italics above
branches of interest, while the
continental origins of sequences
are indicated by color, with
countries identified on the right-
hand side of the phylogeny.
Importantly, the timescale,
indicated below the phylogeny,
is calibrated to the Common Era
(C.E.) and the mean Time to the
Most Recent Common Ancestor
(TMRCA) of Seg-10 is

517 years (95% HPD 163-970),
which is substantially more
recent than the TMRCA
estimates for Seg-2 (95% HPD
1637-7624), Seg-3 (95% HPD
843-3836), and Seg-6 (12910-
49170)

Table 3 Analysis of
geographic structure in the
genetic diversity of BTV
segments

PS parsimony score (Slatkin and
Maddison 1989), Al association
index (Wang et al. 2001),

MC maximum clade size
(Parker et al. 2008)

 Insufficient sample size
(e, n<2)

* Non-significant result

—— Africa
— Americas
~ Asia
—— Australia
—— Europe
United States
1.00
Costa Rica, Guatemala, Honduras,
Italy, Netherlands, Portugal,
South Africa, Trinidad
Turkey,
Greece,
Italy
China, India,
0% | r Italy, Taiwan
France,
Italy,
Portugal,
Spain
— South Africa
Greece,
Turkey
1.00
Dominican Republic,
Martinique,
Puerto Rico,
United States
I 1 ! | ._ Switzerland
1400 CE 1500 CE 1600 CE 1700 CE 1800 CE 1900 CE 2000 CE
Geographic Association Seg-2 Seg-3 Seg-6 Seg-10
analysis statistic
Countries PS P < 0.001 P <0.001 P < 0.001 P < 0.001
Al P < 0.001 P < 0.002 P < 0.001 P < 0.001
Continental regions PS P < 0.001 P < 0.001 P < 0.001 P < 0.001
Al P < 0.001 P < 0.001 P < 0.001 P < 0.001
Africa MC P > 0.070* P > 0.139% P> 0.051% P < 0.001
Americas MC P < 0.003 P < 0.020 P < 0.001 P < 0.001
Asia MC P > 0.147* P> 0.131% P < 0.001 P < 0.001
Australia MC NA® P < 0.008 NA® NA*
Europe MC P < 0.001 P < 0.003 P < 0.003 P < 0.001

Seg-6 may have the lowest substitution rate of any dsSRNA
virus estimated to date, although this will need to be con-
firmed by analysis of a larger sample of sequences. Finally,
our results suggest that Seg-10 may have undergone a
selective sweep within the past millennium, and that the
diversity of the three other segments is significantly older.

@ Springer

Determining the cause of this putative sweep, as well as the
variation in substitution rate among segments, should
clearly be foci of future research. Future investigations
would also benefit from the genome-scale analysis of
additional BTV isolates rigorously sampled in both time

and space.
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