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ABSTRACT

Bovine ephemeral fever virus (BEFV) is an arthropod-borne rhabdovirus that causes a debilitating disease of cattle in Africa,
Asia, and Australia; however, its global geodynamics are poorly understood. An evolutionary analysis of G gene (envelope glyco-
protein) ectodomain sequences of 97 BEFV isolates collected from Australia during 1956 to 2012 revealed that all have a single
common ancestor and are phylogenetically distinct from BEFV sampled in other geographical regions. The age of the Australian
clade is estimated to be between 56 and 65 years, suggesting that BEFV has entered the continent on few occasions since it was
first reported in 1936 and that the 1955-1956 epizootic was the source of all currently circulating viruses. Notably, the Australian
clade has evolved as a single genetic lineage across the continent and at a high evolutionary rate of ~10~> nucleotide substitu-
tions/site/year. Screening of 66 isolates using monoclonal antibodies indicated that neutralizing antigenic sites G1, G2, and G4
have been relatively stable, although variations in site G3a/b defined four antigenic subtypes. A shift in an epitope at site G3a,
which occurred in the mid-1970s, was strongly associated with a K218R substitution. Similarly, a shift at site G3b was associated
primarily with substitutions at residues 215, 220, and 223, which map to the tip of the spike on the prefusion form of the G pro-
tein. Finally, we propose that positive selection on residue 215 was due to cross-reacting neutralizing antibody to Kimberley vi-

rus (KIMV).

IMPORTANCE

This is the first study of the evolution of BEFV in Australia, showing that the virus has entered the continent only once during
the past 50 to 60 years, it is evolving at a relatively constant rate as a single genetic lineage, and although the virus is relatively
stable antigenically, mutations have resulted in four antigenic subtypes. Furthermore, the study shows that the evolution of
BEFV in Australia appears to be driven, at least in part, by cross-reactive antibodies to KIMV which has a similar distribution
and ecology but has not been associated with disease. As BEFV and KIMYV are each known to be present in Africa and Asia, this

interaction may occur on a broader geographic scale.

Bovine ephemeral fever virus (BEFV) is an arthropod-borne
rhabdovirus that is classified as the type species of the genus
Ephemerovirus. The 14.9-kb negative-sense single-stranded RNA
(ssRNA) genome encodes the 5 canonical rhabdovirus structural
proteins (N, P, M, G, and L), as well as a nonstructural glycopro-
tein (Gyg) and several small accessory proteins of unknown func-
tion (al, a2, a3, B, and v) in additional open reading frames
(ORFs) located between the G and L genes (1). The virus is an
important pathogen of cattle and water buffaloes and is enzootic
in ruminant populations in tropical and subtropical regions of
Africa, the Middle-East, Asia, and Australia. Bovine ephemeral
fever (BEF), or 3-day sickness, also occurs seasonally in adjacent
temperate zones, often with significant impacts on production.
BEFV has been isolated from mosquitoes and biting midges (Cu-
licoides spp.), but most data suggest that mosquitoes are the major
vector (2).

Although several serologically related viruses have been iso-
lated from cattle and insects in Africa and Australia (3, 4), BEFV
occurs as a single cross-neutralizing serotype worldwide (5-10).
The neutralizing immune response is induced by the envelope
glycoprotein (G), which protects against experimental challenge
in cattle (11). Neutralizing antigenic determinants are located in
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four independent antigenic sites (G1-G4) in the G protein ectodo-
main (12, 13). G1 is a linear site in the C-terminal region of the
ectodomain, G2 is a nonlinear conformational site that appears to
lie in the fusion domain adjacent to two highly conserved cysteine
residues, and G3 is a complex conformational site composed of
two elements (G3a and G3b) that lie in the cysteine-rich “head” of
the G protein in a region that appears to form the receptor-bind-
ing pleckstrin homology (PH) domain (4, 14, 15). The location of
antigenic site G4 has not yet been determined.

Previous studies of the molecular epidemiology of BEFV in east
Asia and the Middle-East, using the amino acid sequence of the G
protein ectodomain, have identified four genetic lineages com-
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TABLE 1 Antibodies used for analysis of BEFV isolates

Neutralization
Antigenic prototype strain

Antibody Designation®  site Isotype  (BB7721)
17B1 A Gl IgG2a +

13A3 B Gl IgG3 +

15B5 C G2 IgG1 +

12A5 D G2 IgG2a +

8B6 E G3a IgG2a +

8D3 F G3b IgG2a +

16A6 G G3b IgG2a +

5A5 H G4 IgGl +

3A2 I ND* IgG2b -

Polyclonal ) NA¢ ND +

Culture fluid K NA NA

@ As depicted in Fig. 3.
Y ND, not determined; nonneutralizing monoclonal antibody.
¢ NA, not applicable.

prising isolates that cluster chronologically and geographically
(10, 16, 17). In Asia, genotype I comprises isolates sampled from
epizootics in Taiwan in 1984 and Japan in 1988 to 1989, genotype
II comprises isolates from Taiwan during 1996 to 2004 and Japan
during 2001 to 2004, and genotype III is represented by the 1966
Japanese (Yamaguchi) vaccine strain. Isolates sampled from Tur-
key in 2000 and Israel in 2008 have been shown to form a separate
lineage, and all of these lineages are distinct from Australian BEFV
isolates (1, 10, 17). Indeed, multiple amino acid substitutions in
antigenic sites G1 and G3, including two commonly occurring
mutations that introduce potential N-glycosylation sites, distin-
guish the Australian and east Asian lineages (10).

To better understand the molecular evolution and epidemiol-
ogy of BEFV, we studied viral isolates collected from cattle and
insects at various locations across northern and eastern Australia
during the period 1956 to 2012. Evolutionary analysis was con-
ducted on nucleotide sequences of the G protein ectodomain, and
the antigenic profiles of a selection of isolates were examined using
a panel of monoclonal antibodies to identify shifts in the major
neutralization sites, which we mapped to a 3-dimensional struc-
tural model of the G protein. The data indicate that BEFV has
evolved progressively as a single clade across the continent, sug-
gesting that introductions from Asia have been rare and that there
is regular displacement of existing strains, likely through contin-
ual north-south viral traffic.

MATERIALS AND METHODS

Source and cultivation of viruses. Details of the source species and the
date and location of sample collection for all BEFV isolates and BEFV-
infected tissue samples used in this study are shown in Table S1 in the
supplemental material.

Source of antibodies. The panel of BEFV antibodies used in this study
is shown in Table 1. The panel included mouse monoclonal antibodies
directed at all major antigenic sites (G1, G2, G3a, G3b, and G4) and
nonneutralizing mouse monoclonal antibody 3A2. Preparation of the
mouse ascitic fluids and characterization of the antibodies have been de-
scribed previously (12). BEFV polyclonal mouse ascitic fluid and tissue
culture medium were used as positive and negative controls, respectively.

Neutralization tests. Microneutralization tests were conducted in
C6/36 cells in 96-well plates by using an immunofluorescence assay to
detect viral infection (13). Briefly, viruses were grown in the presence of
each monoclonal antibody, a mouse polyclonal anti-BEFV ascitic fluid, or
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uninfected tissue culture medium (negative control). After 6 days of in-
cubation at 28°C, the presence or absence of neutralization was detected
using indirect immunofluorescence.

RNA extraction and RT-PCR amplification and sequencing. Total
RNA was extracted from infected cell culture supernatants using the
RNeasy minikit (Qiagen, Germany) per the manufacturer’s protocol.
cDNA was synthesized by adding 5 to 10 wl RNA to 200 ng random
hexamer primer (Promega, USA) and 20 nmol deoxynucleoside triphos-
phate (ANTP) mix (Promega, USA), heating at 65°C for 5 min, and then
cooling on ice for at least 1 min. To this reaction mixture was added 4 p.l
of 5 X Superscript III first-strand buffer (Life Technologies, USA), 2 ul of
dithiothreitol (DTT; 100 mM; Life Technologies, USA), 1 pl of RNase
OUT (40 U/pl; Life Technologies, USA), and 1 pl of Superscript III re-
verse transcriptase (200U/l; Life Technologies, USA). The reaction was
mixed gently and then incubated at 50°C for 1 h and 70°C for 15 min, then
it was cooled to 4°C. cDNA products were either placed on ice and used
immediately or stored at —20°C until required. For each sample, 4 pl
cDNA was used as the template to amplify the glycoprotein gene by PCR
using primers BEFV G-All-F and BEFV G-All-R and/or BEFV M-262-F
and BEFV Gy4-262-R (primer sequences are available on request). The
PCR mixture was 10 pl 5 X LongAmp reaction buffer (NEB, USA), 1.5 pl
dNTP mix (10 mM), 1 pl each primer (20 nM), 2 wl LongAmp enzyme
(NEB, USA), and nuclease-free water to a total volume of 50 pl. Amplifi-
cation was performed under the following conditions: 1 cycle at 94°C for
30s; 35 cycles of 94°C for 10's, 50°C for 30 s, and 65°C for 2 min; 1 cycle at
65°C for 10 min; and then cooling to 4°C. Amplification products were
separated on 1.5% agarose gels containing 0.01% Sybersafe, and bands
were excised and purified using the QiaQuick gel extraction kit (Qiagen,
Germany) per the manufacturer’s protocol. The eluate was quantified on
a Qubit (Life Technologies, USA) using the Quant-IT double-stranded
DNA HS assay kit (Life Technologies, USA). Sequencing was performed
using routine Sanger sequencing using the BigDye Terminator v3.1 kit
(Life Technologies, USA) and the ABI PRISM 3130xl genetic analyzer
(Life Technologies, USA) according to the manufacturer’s protocols.

Evolutionary analysis. Two BEFV G gene ectodomain data sets were
compiled for evolutionary analysis: (i) a global data set (149 sequences,
1,527 nt) comprising the four genetic lineages of BEFV, including isolates
from Australia, Japan, Taiwan, Turkey, and Israel, sampled between 1966
and 2012, which allowed us to place the genetic diversity of BEFV ob-
served in Australia in a wider geographical context; and (ii) an Australian
BEFV data set (97 sequences, 1,527 nt) comprising viruses sampled be-
tween 1956 and 2012, which allowed exploration of viral evolution in
Australia in greater detail (although the scale of the sampling precluded a
detailed phylogeographic analysis). Because few gaps needed to be intro-
duced into the alignment, this could easily be achieved by eye.

Phylogenetic analysis on both data sets was undertaken using the max-
imum likelihood (ML) method, available within the PhyML package (18),
and the Bayesian Markov Chain Monte Carlo (MCMC) method, available
in the BEAST package (version 1.7.5) (19), incorporating information on
the time (year) of sampling of each strain and displayed as the maximum
clade credibility (MCC) tree. For the former analysis, we employed the
GTR+I" model of nucleotide substitution as well as SPR branch swap-
ping. An ML bootstrap analysis was undertaken using 1,000 replicate trees
again estimated under the GTR+1I" substitution model but with NNI
branch swapping. For the BEAST analysis, we utilized (i) a GTR model of
nucleotide substitution with a different substitution rate of each codon
position, (ii) a relaxed (uncorrelated lognormal) molecular clock, and (iii)
Bayesian skyline, time-aware Gaussian Markov random field (GMRF)
Bayesian skyride and constant population size coalescent priors. In all
cases, the MCMC chain was run for 100 million generations (with 10%
burn-in), and convergence was achieved for all parameters. Statistical
uncertainty was reflected in values for the 95% highest posterior density
(HPD), and support for individual groupings on the MCC tree is reflected
in posterior probability values. The BEAST analysis also enabled us to
estimate rates of nucleotide substitution per site and the time to the most
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recent common ancestor of the tree (tMRCA). To determine whether
there was sufficient temporal structure in the data to accurately infer evo-
lutionary rates, and as an additional rate estimate without assuming a
coalescent process, we plotted root-to-tip genetic distances determined
from the ML tree against year of sampling using the Path-O-Gen program
(http://tree.bio.ed.ac.uk/software/pathogen/).

To estimate the selection pressures acting on the BEFV G protein, we
inferred the relative numbers of nonsynonymous (dy) and synonymous
(dg) nucleotide substitutions per site (in which dy; > dg is indicative of
adaptive evolution) using a variety of methods implemented with the
Datamonkey interface of the HyPhy package (http://www.datamonkey
.org) (20, 21): SLAC (single likelihood ancestor counting), FEL (fixed-
effects likelihood), FUBAR (a fast, unconstrained Bayesian approxima-
tion for inferring selection), and MEME (mixed-effects model of episodic
selection). To examine whether episodic diversifying selection has oc-
curred on individual branches of the Australian BEFV phylogeny, we uti-
lized the branch-site REL (random effects likelihood) method also avail-
able in HyPhy. Only sites with P values of <0.1 or with posterior
probability values greater than 0.95 provided statistically viable evidence
for positive selection under these analytical criteria.

Structural modeling. Three-dimensional models of the G protein
were generated by homology modeling using Phyre2. Automatic template
selection assigned the postfusion structure (PDB code 2CMZ) for which
the fold departs significantly from the neutral pH form of the G protein
that is anticipated at the surface of the infectious particle. Thus, we also
produced a model using the prefusion structure of vesicular stomatitis
virus G protein (VSV G) as the template (22) (PDB code 2J6]) using the
Phyre2 one-to-one threading with a global alignment method. The trimer
was generated by superposition of the BEFV G model with the three
chains of the VSV structure (PDB code 2]6]). Figures were prepared using
PyMOL.

Nucleotide sequence accession numbers. The nucleotide sequences
generated here have been deposited in GenBank under accession numbers
KF679404 to KF679496.

RESULTS

Nucleotide sequence and evolutionary analysis of BEFV iso-
lates. Our phylogenetic analysis of 149 G gene sequences from a
diverse array of BEFV sequences (i.e., the global data set), includ-
ing 97 from Australia collected from cattle and insects over a 57-
year span (1956 to 2012), revealed that the Australian viruses form
a monophyletic group distinct from the east Asian and Middle-
East lineages. As reported elsewhere (23), several isolates from
Turkeyin 2012 clustered with the east Asian lineage and were most
closely related to viruses isolated in China in 2011. The mono-
phyly of the Australian viruses is indicative of a single entry into
the continent followed by sustained transmission over the sam-
pling period (Fig. 1). The Australian phylogeny is also notable for
its ladder-like structure, in which a single dominant lineage links
viruses sampled from multiple time points and which, in the case
of influenza A virus, is compatible with strongly immune-driven
evolution (24).

To explore the evolution of the Australian viruses in more de-
tail, we analyzed the 97 Australian sequences separately. Because
our ML and Bayesian (MCC) trees exhibited very similar topolo-
gies, only the latter is shown here (Fig. 2; the ML tree is available
from the authors on request). The Bayesian analysis is particularly
notable for the strongly clock-like evolution exhibited by BEFV
over the sampling period, as reflected in a coefficient of rate vari-
ation (CoV) approaching zero (95% HPD, 0.28 to 4.7 X 107°).
The existence of a strong molecular clock was also apparent in a
regression analysis of root-to-tip genetic distance against time
(year) of sampling (r* = 0.98) on the ML phylogeny. Such clock-
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like evolutionary behavior enabled us to estimate a robust evolu-
tionary rate for BEFV, at 0.9 to 1.3 X 10~ nucleotide substitu-
tions per site per year (substitutions/site/year), and a time to
common ancestor of the tree at 56 to 65 years before present (1956
to 1947). The timing of other divergence events can be inferred
from the MCC tree. Importantly, very similar estimates (i.e.,
strongly overlapping HPDs) of nucleotide substitution rate and
tMRCA were obtained under the Bayesian skyline, skyride, and
constant population size models, as well as using linear regression
(rate, 0.81 X 1072 substitutions/ site/year; tMRCA, 65 years),
strongly suggesting that they are robust.

The MCC tree (obtained from the Bayesian skyline analysis)
was also notable for the presence of a single dominant lineage (as
shown in Fig. 1) with little sustained evolution of independent
clades, such that there is a marked turnover of viral lineages with
time. Indeed, on these data, the only evidence for the (short-term)
persistence of alocal clade is the presence of eight viruses sampled
from Queensland (including four from Peachester) between 1979
and 1982 (Fig. 2). In addition, isolates clearly clustered tempo-
rally, and there was a close phylogenetic relationship between vi-
ruses isolated from distant geographic locations at similar times,
highlighting the fluidity of BEFV spatial movement (Fig. 2; lin-
eages are color coded by geographic region).

Analysis of selection pressures on the G protein ectodomain.
We used a variety of bioinformatic methods to determine the na-
ture of the selection pressures acting on the BEFV G protein as it
has evolved in Australia. Importantly, these results painted a rel-
atively consistent picture of individual sites which might be sub-
ject to positive selection, suggesting that they are robust given
these data. As is true of the vast majority of viral proteins, the
overall dy/dg in the data, 0.26, indicates that most amino acid
changes are deleterious and removed by purifying selection. How-
ever, within this background of negative selection, consistent ev-
idence for adaptive evolution was found at amino acid sites 59 and
215, which were detected as positively selected in all four methods
utilized here, usually with strong statistical support (P < 0.05;
posterior probability, >0.95). There was also more tentative evi-
dence for some form of adaptive evolution at sites 274, 277, and
459 (Table 2). No evidence of lineage-specific episodic diversify-
ing selection was observed.

Natural antigenic variation in neutralization sites. A selec-
tion of 66 of the Australian BEFV isolates collected between 1956
and 1992 were tested for neutralization using a panel of monoclo-
nal antibodies (MAbs) representing each of the recognized anti-
genic sites (Table 1). All isolates were neutralized by MAbs to
antigenic sites G1 (17B1 and 13A3), G2 (15B5 and 12A5), and G4
(5A5), as well as one site G3b monoclonal antibody (16A6) and
polyclonal anti-BEFV immune rabbit serum. As expected, non-
neutralizing G protein monoclonal antibody 3A2 failed to neu-
tralize any of the isolates. Neutralization by monoclonal antibod-
ies 8B6 (site G3a) and 8D3 (site G3b) varied among the isolates,
allowing the identification of four antigenic types (I to IV) based
on the patterns of neutralization (Fig. 3). Twelve isolates (type I),
including the prototype strain (BB7721), were neutralized by both
MADbs. Of the remaining isolates, 36 were neutralized by 8D3 but
not 8B6 (type II), eight were neutralized by 8B6 but not 8D3 (type
III), and 10 isolates were not neutralized by either of these site G3
MAbs (type IV). Examination of the sites of isolation of the viruses
in each category indicated no association with location. However,
all viruses categorized as antigenic types I and III were isolated
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FIG 2 MCC tree of BEFV in Australia showing evolution in estimated real time (x axis). All sequences are color coded according to the region of origin: Northern
Territory (12° to 15° S), olive green; northern-central Queensland (15° to 25° S), red; southern Queensland-northern New South Wales (25° to 30° S), brown;
central-southern New South Wales (30° to 37° S), blue. A small clade of viruses sampled from Queensland is also indicated, as are those from insects (by the
asterisk symbol): BEFV/CS42/AU/Beatrice Hill/1975 and BEFV/CS1622/AU/Peachester/1984 were taken from Anopheles bancrofti, while BEFV/CS1647/AU/
Peachester/1984 was taken from Culicoides brevitarsis. The tree is automatically rooted on the assumption of a molecular clock, and tip times reflect the date of
sampling. Node bars indicate the 95% HPD values for the height (i.e., age) of that node, and posterior probability values are shown for key nodes. The map inset
indicates the geographic locations of the four sampled regions.

primarily up to 1974 to 1975, and all viruses categorized as anti-  representing each of the two variants spanned the period 1968 to
genic types II and IV were primarily isolated from 1973 to 1974  1989.

onwards, indicating a shift in site G3a epitope 8B6 in the Austra- Mutations associated with the major antigenic subtypes. An
lian episystem at approximately this time. There was no temporal  alignment was generated for the 509-amino-acid G protein ectodo-
association with the reactivity of epitope 8D3 for which isolates  main sequences of the set of 97 viruses used for evolutionary analysis.
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TABLE 2 Putatively positively selected sites in the G protein of BEFV in
Australia

Probability (P and PP values) determined by*:

Amino acid

site SLAC FEL FUBAR MEME
59 0.041 0.084 0.967 0.016
215 0.038 0.024 0.995 0.026
274 0.953 0.036
277 0.095
459 0.953 0.087

@ SLAC, FEL, and MEME gave probability (P) values, while FUBAR produced posterior
probability (PP) values.

The set included 64 of the 66 Australian BEFV isolates (1956 to 1992)
for which antigenic profiles were obtained and 33 other BEFV isolates
collected from Queensland, the Northern Territory, and New South
Wales during the period 1970 to 2012 (see Fig. S1 in the supplemental

Isolate Antibody Mutations
ABCDEFGHI JK
Type |
BB7721
CS660
CS1819
CS1867
CS1869 K215N
CS1870
CS1873
CS1904
CS1931
CS1938 K274E
CS1940
CS1942 K274E
Type Il
CS355 R218 K K274E
CS366 R218 K K274G
V496 R218 K K274E
V511 R218 K K274E
CS967 R218 K K274E
CS968 K215T R218 K K274E
CS1179 R218 K K274E
CS1180 R218 K K274E
CS1188 R218 K K274E
CS1204 R218 K K274E
CS1362 R218 K K274E
CS1618 R218 K K274E
CS1619 R218 K K274E
CS1622 R218 K K274G
CS1647 R218 K K274E
CS1820 R218 K K274E
Cs1821 R218 K K274E
CS1899 R218 K K274E
CS1900 R218 K K274E
CS1901 Not sequenced
CS1902 R218 K K274E
CS1905 R218 K K274E

material). Sequence variation was detected in 100 sites across the
ectodomain, including regions previously mapped to neutralizing
antigenic sites G1, G2, and G3 (14).

Two conservative amino acid substitutions (R486K and K503R)
were detected at the extreme ends of the region mapped to anti-
genic site G1 (I**°-Q>%%). This linear site has been reported to have
some local conformation and was represented in antigenic profil-
ing experiments by MAbs 17B1 and 13A3, which target each end
of the linear region (14). Interestingly, each of these MAbs solidly
neutralized all BEFV isolates tested, indicating that the conserva-
tive K503R substitution did not change the neutralization pheno-
type, even though nonconservative substitutions at the same site
have been reported in escape mutants selected using MAb 13A3
(14). Substitution R486K was first detected in 1984 and was pres-
ent in all viruses isolated since, with the exception of EMAI66
isolated at Gloucester in NSW in 2011. The K503R substitution
was first detected in CS967 isolated at Kairi in northeast Queens-

Isolate Antibody Mutations
A B CDETFGHI J K

Type Il
CS1906
CS1907
CS1908
CS1910
CS1913
CS1917
CS1918
CS1920
CS1925
CS1926
CS1927
CS1935
CS1951
CS1952

K274E
K274E
K274E
K274E
K274E
K274E
K274E
K274E
K274E
K274E

R218 K
R218 K
R218 K
R218 K
R218 K
R218 K
R218 K
R218 K
R218 K
R218 K
Not sequenced

K274E
K274E

R218 K
R218 K

Type Il
CS42
DPP54
CS1818
V1956
CS1930
CS1932
CS1933
CS1939

K215T
K274E
K215T
K215N
K215E
K215E

K215E

Type IV (R218K)
E220D
K215N

CS1903
CS1911
CS1912
CS1914
CS1915
CS1921
CS1923
CS1924
CS1947
V393

K215A
K215E

K215E
D223A

FIG 3 Antigenic profiles of a selection of Australian BEFV isolates (1956 to 1992) and associated amino acid substitutions. Virus neutralization was conducted
in C6/36 cells using neutralizing monoclonal antibodies corresponding to antigenic sites G1, G2, G3a, G3b, and G4 (A to H), nonneutralizing monoclonal
antibody (I), BEFV polyclonal rabbit antiserum (J), and uninfected cell culture fluid (K) (Table 1). Shaded boxes indicate positive neutralization as determined
by the absence of BEFV-specific immunofluorescence. Amino acid substitutions mapping to the known antigenic sites are shown highlighting those associated
with highly variable amino acids K*'*> and R*'®, Two of the isolates analyzed in this assay have not been sequenced (ns).
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land in 1981 and was present in all viruses isolated since 1984, with
the exception of CS1619 and CS1647, each isolated at Peachester
in southeast Queensland in that same year.

Consistent with the antigenic profiling data, only a single
amino acid variation occurred in the region previously mapped to
antigenic site G2 (S'>-W'"), a conformational neutralization site
that was predicted to be linked by a single disulfide bridge (14).
This change (T170A) occurred in D901 from Kangaloon in NSW
in 2010 and was not included in neutralization assays.

Notable sequence variations were detected in each of the three
linear elements of conformational antigenic site G3, which spans
much of the cysteine-rich region of the ectodomain. In the first
element (residues 49 to 63), substitutions occurred at D57E in one
isolate, H59P in seven isolates, and H59N in five isolates. The
D57E substitution has been identified previously in a neutraliza-
tion escape mutant selected with site G3a MAb 8B6 (14), and the
naturally variant isolate (CS1188) also was not neutralized by this
same MAD (Fig. 3). As discussed above, amino acid residue 59 was
shown to be under positive selection. Two different substitutions
occurred independently at this site in 12 viruses from several dif-
ferent sublineages isolated between 1970 and 2010. There was also
a single amino acid deletion at residue 59 in one isolate and at
residues 54, 60, and 61 in five other isolates. The significance of the
deletion at residue 61 is unclear, but it occurred independently in
viruses from several phylogenetically distinct sublineages. The
second element of site G3 (residues 215 to 231) was relatively
variable, with substitutions occurring in various isolates in 8 of the
17 amino acids, the most notable of which were at residues 215
and 218. There was a strong association between the R218K sub-
stitution and the loss of reactivity with site G3a MAb 8B6. The
substitution occurred in each of the 46 viruses that failed to react
with this MAb (types II and IV) and none of the 20 remaining
viruses tested (types I and III). At residue 215, which dy/dg anal-
ysis indicated was likely to be subject to positive selection, there
were 15 nonconservative substitutions (N, T, and E) and three
deletions which occurred independently in various sublineages of
viruses isolated over the 55-year period from 1956 to 2010. There
was a partial correlation between loss of reactivity with site G3b
MAD 8D3 (types III and IV) and substitutions at residue 215,
along with substitutions at nearby residues 220 and 223 in this
element of the G3 antigenic site (see Fig. S1 in the supplemental
material). The third element of site G3 (residues 261 to 279) was
characterized by substitutions in various isolates in 12 of the 19
amino acids identified in the domain. Residue 274, which dy/dg
analysis indicated may also be under positive selection, displayed
nonconservative substitutions (E and G) and a deletion in all ex-
cept 11 of the 97 isolates.

Another region of the G protein (residues 455 to 482), located
just upstream of linear antigenic site G1, was also variable, with
substitutions in 12 of the 28 residues. Sequence variation was
noted at residues 459 (9 substitutions and one deletion), 476 (5
substitutions), and 477 (8 substitutions and one deletion). This
region has not previously been recognized as a neutralizing anti-
genic site. It may be an extension of the adjacent linear site G1 or
could be antigenic site G4, which has been detected in competitive
enzyme-linked immunosorbent assays (ELISAs) but has not yet
been physically mapped to the sequence (13).

Structural model of the major antigenic sites. A three-dimen-
sional structural prediction of the BEFV G protein was generated
by homology modeling using Phyre2 (Fig. 4). The template used
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¢ R21
128 s0K215

H59/K215

FIG 4 Model of antigenic sites on the prefusion and postfusion forms of the BEFV
G trimer. (A) Ribbon representation of a homology model of BEFV G trimer
derived by threading with the prefusion VSV G protein structure (PDB code 2J6]).
The three subunits are shown in blue, red, and yellow with sulfur atoms in green.
The side chains of the cysteine residues are shown as spheres. Disulfide bonds are
labeled according to the nomenclature of Walker and Kongsuwan (25), and the
residue number is indicated for the two free cysteines. Double arrows indicate
cysteines that are expected to form disulfide bonds but are too far apart in the
model. (B) Surface representation of a subunit of the BEFV G trimer approxi-
mately in the orientation of the subunit colored in blue in panel A. The antigenic
sites G1, G2, G3a, and G3b and the putative G4 site are colored in magenta, cyan,
yellow, orange, and red, respectively. The side chains of residues discussed in the
text are shown as spheres and are labeled. The molecular surface around these
residues has been omitted for clarity. (C and D) Orthogonal views of the BEFV G
trimer in its prefusion conformation with the same representation and color
scheme as that for panel B. The viral membrane is located at the bottom of the
trimer in this orientation. (E and F) Orthogonal views of the BEFV G homology
model derived by threading with the postfusion, trimeric structure of the VSV G
protein (PDB code 2CMZ) with the same representation and color scheme as that
for panel B.
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for most analyses presented here corresponds to the prefusion
form of VSV G expected at the surface of virions (22). The confi-
dence rating of Phyre2 was 100%, supporting the validity of the
global fold. However, given the relatively low sequence identity
(22% over 408 aligned residues), local errors in the precise con-
formations of loops and side chains are to be anticipated. Inspec-
tion of disulfide bridges predicted by Walker and Kongsuwan (25)
and subsequently adjusted following resolution of crystal struc-
ture of VSV G (4, 15) revealed that most are present, supporting
the accuracy of the model for the low-resolution analyses pre-
sented here. Accordingly, using the notation introduced by
Walker and Kongsuwan, disulfide bridges A (C*°-C**®), B (C”°-
C!'2%), C(C¥-C"*), E (C***-C**"), and G (C**-C**?) have a correct
geometry, while three other disulfide bonds, D (C'">-C'®?), F
(C**2-C?*"®), and T (C**-C*'"), were slightly disrupted. Cysteines
C*? and C** are not involved in a disulfide bridge in this model
(Fig. 4A).

When mapped onto the molecular surface of the BEFV G pro-
tein, antigenic sites G1, G2, G3a, and G3b form distinct patches
mostly located on one face of the molecule (Fig. 4B), with the
other face apparently silent antigenically (Fig. 4C). Site G1 is lo-
cated just before the C-terminal stalk of the G protein at the end of
the trimerization domain (DII). Site G2 is at the base of the fusion
domain (DIV), while the tip of DIV that comprises the fusion loop
does not present recognized antigenic sites. Site G3, the largest
antigenic site, occupies most of the base of the PH domain (DIII)
with a slight overlap at the beginning of DII (Fig. 4B). Finally, the
variable region that may represent proposed site G4 (H**>-E**?) is
found on the inner side of the lateral domain (DI) that faces a
neighboring subunit in the trimer. This site is largely buried in our
model of the trimer and is in direct contact with site G2 of the next
subunit (Fig. 4C).

All recognized antigenic sites are exposed at the surface of the
prefusion G trimer, except for the tentative site G4. However, in
the context of the virion, site G1 faces the viral membrane; thus, it
is inaccessible to antibody binding in the prefusion conformation
modeled here. Site G2 is on the side of the tripod formed by the G
trimer, and sites G3a/G3Db are directly available to be recognized
by neutralizing antibodies in the prefusion form.

Sites G3a and G3b are particularly exposed at the distal end of
the spike compared to the viral membrane. Residues D>® and K*'°,
which were shown to be likely subject to positive selection, are
located on this surface, as are variable residues R*'® and K*’* (Fig.
4Cand D). Their position at the tip of the spike also correlates well
with the antigenic subtypes: types IT and IV for residues R*'® and
K*”* and types IIT and IV for residue K*'°. This suggests that the
footprint of MAb 8B6 and 8D3 at least partially overlaps the
~270-A? surface delimited by these four residues.

Site G4 is exposed at the surface of the BEFV G subunit but
almost totally buried in the prefusion model of the trimer. This
region of the protein is involved in much of the trimeric interac-
tions. It would become partially exposed only in the postfusion
structure (Fig. 4E and F) or in a monomeric form (Fig. 4B).

DISCUSSION

Although BEFV is widely distributed throughout many tropical
and subtropical regions of the world, its insect vectors have not
been clearly defined and the global geodynamics of infection are
poorly understood. Here, we describe the evolution and phylo-
geography of BEFV in continental Australia, where the disease has
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been reported to be enzootic and seasonally epizootic for more
than 75 years.

BEF was first reported in February 1936 when a major
epizootic emerged in the Northern Territory. The widespread dis-
tribution of the first reports suggested that the virus had been in
Australia for some time prior to its emergence, and it was assumed
to have been introduced by infected insects from the Indonesian
Archipelago (26). The epizootic swept 1,000 km westward into the
Kimberley region of Western Australia, eastward into Queens-
land, and then progressively moved 3,000 km southward on a
wide front through eastern states to reach Victoria in February
1937 (26). Similar sweeping wave-like epizootics occurred in 1955
to 1956 and then again in 1967 to 1968, 1970 to 1971, 1972 to 1974,
and 1974 to 1976, coinciding with periods of extreme weather and
heavy rainfall (27). Seroconversion rates of up to 90% were re-
ported in cattle in eastern Australia during these wave-like
epizootics, but in the intervening periods only sporadic seasonal
outbreaks were reported, mostly in northern regions (27, 28). Fol-
lowing the 1974 to 1976 epizootic, the epidemiological pattern
changed, with the disease becoming enzootic throughout eastern
regions of Australia and as far south as the central coast of New
South Wales, where a separate enzootic focus was reported to have
developed (27, 29, 30). BEF has since occurred primarily as scat-
tered regional disease epizootics interspersed with sporadic cases
accompanying the summer rains and occasional widespread
epizootics, such as those that have occurred since 2008 (30-32).

The phylogenetic data presented here indicate that all BEFV
isolates sampled from Australia since 1956 form a single lineage
that has evolved at a relatively constant rate across the continent.
The estimated age of the Australia clade (56 to 65 years) suggests
that no new BEFV genotype has entered the continent since the
early 1950s. Indeed, unless the lineage responsible for the first
reported outbreak in 1936 subsequently became extinct, there
may have only been a single incursion of the virus since the intro-
duction of cattle and water buffalo by European settlers during the
19th century. This contrasts with bluetongue virus (BTV), for
which 10 different serotypes are enzootic in cattle in northern
Australia and new serotypes and genotypes are regularly detected
in sentinel herds (33). Indeed, modeling suggests that frequent
incursions of BTV, which is transmitted by biting midges (Culi-
coides spp.), occur by wind-borne displacement of infected vectors
across the Timor Sea from Indonesia and Timor Leste (34, 35).
Although BEFV has been isolated from both mosquitoes and bit-
ing midges in Australia and Africa, it has been argued that its
epidemiological pattern is not consistent with the distribution or
seasonal abundance of culicoides and that the need for direct in-
travenous injection to initiate experimental infection of cattle im-
plicates mosquitoes (capillary feeders) rather than midges (pool
feeders) as the principal vectors (2, 36, 37). It has also been re-
ported that the most abundant livestock-associated culicoides
species in South Africa are refractory to oral infection with BEFV
(38). As the virus is known to be enzootic in cattle in the Indone-
sian Archipelago (39, 40), the absence of multiple BEFV incur-
sions into Australia also supports the view that mosquitoes, which
may be less amenable to long-distance aerial displacement over
water, are its major vectors.

The phylogeny of Australian BEFV isolates is also notable for
its ladder-like structure, which is reminiscent of those obtained
for the hemagglutinin (HA) gene of influenza A virus (24, 41, 42)
and which is compatible with continuous positive selection (adap-
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tive evolution), such that only a single (fittest) lineage survives
between seasonal epizootics (see below). However, unlike influ-
enza A virus, BEFV is relatively stable antigenically with a single
known serotype worldwide, as evidenced by strong cross-neutral-
ization by immune sera of isolates from Africa, Asia, and Australia
(5-10) and the continuing effectiveness of vaccines developed us-
ing viruses isolated more than 50 years ago. BEFV neutralizing
antibody is protective in cattle, and infection usually results in
lifelong protective immunity (11). We have also shown here that
all Australian isolates analyzed were neutralized by mouse poly-
clonal antiserum against the 1968 isolate (BB7721) and that
epitopes representing neutralization sites G1, G2, and G4 have
been stable antigenically since 1956. Despite this, antigenic varia-
tions have occurred in the major conformational neutralization
site G3, and at least two amino acids that form part of this site
(residues 59 and 215) were under putative positive selection. Sev-
eral other ephemeroviruses are known to infect cattle in Australia,
including Kimberley virus (KIMV), which has been isolated on
multiple occasions from mosquitoes, midges, and healthy cattle
and has a geographic distribution similar to that of BEFV (4, 43—
45). It has also been shown that cross-reactive neutralizing anti-
bodies develop in sentinel cattle infected naturally with BEFV or
other ephemeroviruses (46), and BEFV neutralizing monoclonal
antibody 8D3, which defines the highly variable epitope in neu-
tralization site G3b, has been shown to cross-react with KIMV
(13). Hence, it is possible that adaptive evolution of BEFV is
driven by cross-reactive neutralizing antibodies to KIMV and/or
other ephemeroviruses. Interestingly, KIMV is also present in In-
donesia and China, and it has been shown recently that Malakal
virus, which was isolated in Sudan in 1963, is a geographic variant
of KIMV (47), suggesting that the evolutionary dynamics of BEFV
and KIMV may be linked on a wider geographic scale.

The evolutionary rate of BEFV documented here (~10>
substitutions/site/year) was relatively high. Although similarly
high rates have previously been estimated for BEFV (48), these
were based on very limited data with sparse sampling and not
made with a robust Bayesian framework. Indeed, the rates es-
timated here are higher than those previously estimated for the
rhabdovirus VSV (48, 49) and for most estimates of substitu-
tion rates in animal rabies virus (50, 51). In addition, they are
particularly notable in the context that evolutionary rates are
generally lower in vector-borne compared to directly transmit-
ted RNA viruses (48, 52). Together, these data are consistent
with the continual adaptive evolution of BEFV over a 50-year
time span in Australia.

Even though BEFV is evolving rapidly, there is limited genetic
diversity at individual time points, with a single lineage usually
being dominant in each location (a pattern also noted in influenza
virus). Evidence based on serosurveillance and patterns of disease
indicates that BEFV is perennially enzootic in the northern trop-
ical zone of the Northern Territory, and although annual and
seasonal fluctuations in prevalence do occur, it is also enzootic
throughout much of eastern Australia (1). Hence, the combina-
tion of phylogeny and epidemiology suggests that most adaptive
evolution occurs in the perennial enzootic focus in the Northern
Territory, resulting in a dominant lineage which emerges season-
ally and sporadically into the eastern states of Queensland and
New South Wales, where low seroconversion rates occur in winter
and during periods of prolonged drought. Thus, although BEFV
may overwinter in the east, the enzootic focus in the far north
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likely serves as the source of strains which are continually selected
for optimum fitness and which regularly move southeastward
with the onset of summer and autumn rains, displacing the scat-
tered remnants of enzootic infection.

Similar epidemiological patterns in Australia have been re-
ported previously for the mosquito-borne flaviviruses Murray
Valley encephalitis virus (MVEV) and the Kunjin strain of West
Nile virus (WNV), which emerge in southern regions from enzo-
otic foci in the north and exist as single genotypes evolving uni-
formly in widely separated regions with no independent diver-
gence (53, 54). In contrast, the alphavirus Ross River virus has
evolved in Australia as separate genotypes in different geographic
regions, and Sindbis virus has evolved as a series of temporally
related genotypes (53). The evolutionary patterns of MVEV and
WNV have been attributed to avian hosts which allow widespread
and rapid dispersal from a northern enzootic focus, raising the
interesting possibility that birds also are involved in the epidemi-
ology of BEF.

Although the phylogenetic data provided no evidence for a
major change in the epidemiological pattern in the mid-1970s,
our antigenic analysis has shown that there was a shift in the G3a
epitope represented by MAb 8B6 sometime during the period
1973 to 1975. This shift, which was suggested previously in a more
limited antigenic analysis (13), was strongly associated with an
R218K mutation that became fixed in all subsequent isolates. Al-
though no temporal pattern was evident, there were also varia-
tions in the G3b epitope represented by MAb 8D3 associated pri-
marily with amino acid substitutions at residue 215, which, along
with residues 59 and possibly 274 in site G3, was shown to be
under positive selection. The three-dimensional structural model
of the BEFV G protein has confirmed the prominent surface loca-
tion of sites G1, G2, G3a, and G3b and has allowed mapping of the
variable-site G3 amino acids at the distal end of the spike formed
by domain DIII. This complex site, which appears to adopt a sur-
face topology similar to that of VSV neutralization sites A1 and A2
and rabies virus site IT (22, 55, 56), would be exposed in the pre-
fusion form of G and is likely to be associated with the receptor-
binding domain. The variable amino acids defined by MAbs 8B6
and 8D3 appear to be particularly prominent at the tip of the
spike.

The model also suggests that although neutralization site G1
would be exposed, it would face the viral envelope in both the pre-
and postfusion forms of BEFV G. The variable region adjacent to
site G1 (H"*°-E*®?) that may represent the unmapped antigenic
site G4 was not predicted to be exposed on the surface of either
form of the trimer, as it is located on the inner side of the lateral
domain (DI) that faces a neighboring subunit. However, a char-
acteristic of class IIT fusion proteins is that they undergo a transi-
tion between two distinct trimeric states during the fusion pro-
cess. The topological arrangements of domains in the pre- and
postfusion forms imply a mandatory dissociation of the trimer
during fusion. Consistent with these structural constraints, a
monomeric intermediate between the pre- and postfusion forms
has been observed in vivo (57). These monomers may represent
intermediates in the transition between the pre- and postfusion
conformations. They have been identified in solution where the
ectodomain of VSV G is primarily in a monomeric form as well as
on the virions at both pH 7.5 and pH 6.7 (58). Thus, the equilib-
rium observed at the surface of the virion would expose both the
region H*>-E**, tentatively assigned to antigenic site G4, which is
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buried in the trimeric interface, and the linear neutralization site
G1, which faces the viral membrane in the prefusion model. These
observations suggest that neutralizing antibodies bind differen-
tially to the pre- and postfusion forms of BEFV G, as observed
previously for the rabies virus G protein (22, 59, 60).
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