
Bluetongue was first recognized when European fine-
wool breeds of Merino sheep were imported into South 
Africa in 1900 (Refs 1,2). The disease spread rapidly 
throughout Africa and subsequently to many other 
countries beyond the African continent. In susceptible 
sheep flocks, mortality for infected animals is between 
50 and 70%3,4, and, as the disease has been reported in 
almost every continent, with the exception of Antarctica, 
bluetongue is one of the most widespread animal patho-
gens. Symptoms of bluetongue disease are largely the 
result of damage to small blood vessels, and include 
oral ulceration, facial and pulmonary oedema, vascu-
lar thromboses and necrosis of infected tissues5 (BOX 1). 
In sheep, the onset of the disease is typically marked 
by fever that lasts approximately 5–7 days, after which 
distinctive lesions appear in the mouth, accompanied 
by excessive salivation. The tongue can also be severely 
affected, occasionally turning blue. In contrast to sheep, 
infected cattle experience prolonged viraemia, and infec-
tion during pregnancy can often cause teratogenic defects 
in calves and abortion of the fetus6–10. Bluetongue is a 
non-contagious viral disease spread by biting midges of 
the Culicoides genus (BOX 1). Primary control measures 
are therefore based on the control of vector insects in  
the affected area (see Further information for a link to the 
World Organisation for Animal Health (bluetongue dis-
eases data) and the National Farmers Union). However, 
because the virus replicates in both the insect vector and 
in a range of other ruminants, including cattle and goats, 
often with prolonged viraemia and less-severe disease 
symptoms, it is difficult to control the virus using these 
measures once it becomes established. 

Bluetongue virus (BTV) is endemic in many tropi-
cal and sub-tropical countries, and until recently, out-
breaks of bluetongue disease in Europe, primarily in 
southern European countries, were sporadic and rare. 
However, since 1998, there have been separate and 
repeated incursions of bluetongue into Europe and 6 
of the 24 different serotypes (BTV-1, -2, -4, -8, -9 and 
-16) have been introduced into mainland Europe11. 
Early outbreaks in southern Europe were the result of 
separate incursions from the Middle East into Greece 
and the Balkans, and from North Africa (Tunisia, 
Algeria and Morocco) into Spain, Corsica, Sardinia 
and the Balearic Islands12. A later outbreak of BTV-8 
in northern Europe, which started in 2006 and spread 
as far north as France, Belgium, Holland and Germany  
in 2006, to the United Kingdom in 2007 and to Sweden in  
2008, was the result of a separate introduction of the 
virus. BTV-8 is most similar to a strain found in sub-
Saharan Africa13. However, whether this incursion 
was the result of the movement of infected animals or 
the movement of the insect vector that transmits the 
virus between animals is still hotly debated14. Climate 
change could have contributed to the emergence of 
bluetongue in Europe, through the increased distribu-
tion and size of insect vector populations15. However, 
an additional serotype, BTV-6, that had not previously 
been seen in Europe, was detected in October 2008 
in sheep in the Netherlands and was confirmed as a 
live attenuated vaccine strain (see Further information 
for a link to The Center for Food Security and Public 
Health (animal disease information)), implying that 
the source was imported livestock.
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Abstract | Bluetongue has been recognized as a viral disease of livestock for more than  
100 years. Repeated incursions of Bluetongue into Europe since 1998 have been particularly 
devastating for highly sensitive European fine-wool sheep breeds, and have resulted in a 
resurgence of interest in vaccine manufacture. Fortunately, the virus and its serology are well 
understood and vaccination prevents the disease. However, current vaccines are not without 
their problems, and many new approaches are being tested to improve the safety and 
breadth of protection afforded. This Review describes the leading technologies for improved 
bluetongue vaccines and looks ahead to how advances in other viral vaccines might be 
applied to this disease.

Serotype
A group of closely related 
microorganisms that are 
distinguished by a 
characteristic set of antigens. 
Bluetongue virus serotypes 
are defined by the 
neutralization of virus 
infectivity by serum antibody.
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Segmented virus
A virus in which the genome is 
divided into two or more 
physically distinct molecules, 
which are packaged into a 
single virus particle.

Virus structure and vaccine challenge
BTV, the causative agent of bluetongue disease, is well 
defined at both the structural and molecular levels. 
BTV is a member of the reoviridae family, a widely 
distributed group of viruses that infect humans and 
other mammals (rotaviruses, orbiviruses, seador-
naviruses and orthoreoviruses), fish (aquareovi-
ruses), birds (orthoreoviruses), insects (cypoviruses  
and idnoreoviruses), plants (oryzaviruses, fijiviruses and  
phytoreoviruses) and fungi (mycoreoviruses). The 
BTV genome consists of ten segments of double-
stranded rNA (dsrNA) that each encode a different 
viral protein and a multilayered protein capsid, but 
is not surrounded by a lipid envelope. BTV particles 
are architecturally complex structures (fIG. 1) that are 
organized into three shells which form the bulk of 
the virus particle. The inner shell is composed of 120 
copies of VP3 and contains minor amounts of 3 enzy-
matic proteins (VP1, VP4 and VP6) that are located 
at the five-fold symmetry axes of the particle. The 
middle shell is composed of 780 copies of VP7 that 
are arranged as 260 trimers. Such double-layered core 
particles serve as a foundation for the two remain-
ing major structural proteins, VP2 and VP5, which 
together form the outer shell. A total of 180 molecules 
of VP2 are arranged as 60 surface spikes, and these 
spikes are responsible for attaching the virus to the cell 

surface, whereas 360 molecules of VP5 form 120 glob-
ular-shaped structures that facilitate cell-membrane 
penetration16–18. Together, VP2 and VP5 form a con-
tinuous layer around the core, yielding a well-ordered 
morphology of the virus. These two proteins are highly 
variable among the different serotypes, although close 
phylogenetic relationships were easily detectable, indi-
cating that mutations may have played a major part in 
generating multiple serotypes18.

BTV serotype is based on serological neutralization 
of virus particles rather than on sequence variation. 
In general, antibodies to one serotype do not cross-
neutralize virus from another serotype. However, in 
vaccinated sheep, there is some evidence for at least 
partial cross-protection between vaccines that target 
closely related serotypes19. In terms of the immune 
response, there is evidence that both antibodies20 
and T-cell-mediated responses21–23 can be protective. 
However, one report has found a closer correlation 
between T-cell responses than neutralizing antibody 
responses to protection from virulent virus23.

like other segmented viruses, reassortment of 
genome segments in hosts co-infected with more than 
one strain of BTV can readily lead to progeny strains 
with a mixture of the characteristics of the parental 
strains24–31 (fIG. 2). In one study, 48 progeny viruses from 
cells co-infected with 2 parental strains of BTV with 
different dsrNA profiles were assessed, and 19 of these 
viruses (~40%) were found to be reassortants between 
the parental strains26. This is probably an underesti-
mate of the true rate of reassortment because in this 
experiment only two of ten genomic dsrNA segments 
(S5 and S10) were used as markers for reassortment. 
Thus, an ideal vaccine for bluetongue would protect 
against as many virus serotypes as possible but would 
not revert to virulence, and would not  recombine with 
circulating strains of the virus. In addition, given the 
dangers posed by the growth of large cultures of patho-
genic virus for production of inactivated vaccines, 
any vaccine strain should ideally be unable to repli-
cate in the field. Finally, an ideal BTV vaccine strain 
would pose no danger of replicating within insects 
and would be compatible with tests to distinguish  
between infected and vaccinated animals.

As BTV productively infects only ruminant species 
there is no small-animal model, and consequently all 
vaccine trials must use large animals housed in bio-
containment facilities. The financial cost associated 
with trials of candidate BTV vaccines is therefore high. 
Only two vaccine types for bluetongue are currently 
available commercially: live attenuated vaccines and 
inactivated virus vaccines. live attenuated bluetongue 
vaccines have a long history. An early report from 
South Africa stated that attenuated virus produced 
by serial passage of BTV in sheep could be used suc-
cessfully as a vaccine32. Subsequently, South African 
scientists developed the first egg-adapted attenuated 
strains. This work led to the availability of attenu-
ated virus vaccines for 15 different serotypes, which 
played a major part in control of the disease not only 
in South Africa but also in many other countries33.  

Box 1 | Transmission and replication of bluetongue virus 

Bluetongue virus (BTV) replicates in both wild and domestic ruminants, including 
some species of deer, which makes mass vaccination of domestic livestock an 
incomplete measure for immunization of the susceptible host population. BTV 
replicates in both the mammalian host and the Culicoides insect vector. Transmission 
to the insect vector occurs when a female insect takes a blood meal from an 
infected mammal. The virus is transmitted to naive ruminants when the insect  
with infected salivary glands feeds again.
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However, similar, live attenuated vaccines have also 
been developed in various countries in response to 
endemic serotypes or a particular outbreak33–37 (TABle 1).  
Despite the apparent success of attenuated virus vac-
cines in temporarily controlling BTV in particular 
areas, their use is not without controversy. Teratological 
effects as a result of vaccination with attenuated BTV 
are well documented38–40. Indeed, by as early as 1955, 
Schultz and Delay had shown that an egg-adapted 
BTV vaccine strain caused congenital malformations 
and fetal death in the lambs of ewes that were vacci-
nated in South Africa38. Nevertheless, the vaccine was 
considered safe by the manufacturer, and its use was 
continued in non-pregnant sheep in South Africa and 
other countries. A recent report further documented 
that, following vaccination in laboratory experiments, 
viraemia was sufficient for transmission of the vac-
cine strain to the insect vector36. This effect has also 
been observed in the field in Italy, where unvaccinated 
sentinel cattle and the insect vector were found to be 
positive for a vaccine strain of the virus41. Of particu-
lar concern is that the segmented nature of the BTV 
genome allows genes to be swapped between strains 
that co-infect the same animal42. This occurred in 2002 
in Italy where a circulating BTV-16 strain was found 
to be a reassortment between BTV-2 and BTV-16 live 
attenuated vaccine strains43. Thus, attenuated vaccines 

for BTV may offer a route to control of the disease, but, 
owing to the possibility of teratological effects and the 
evidence that attenuated strains can be transmitted to 
non-vaccinated animals and swap genes with circulat-
ing field strains, they are not suitable for a programme 
designed to eradicate the disease.

More recently, inactivated vaccines have been pre-
pared by treating BTV with beta-propiolactone44,45, 
gamma radiation46 or binary ethylenimine38,47,48. 
Inactivated vaccines based on these experiments are 
commercially available and have demonstrated good 
immunogenicity and safety49 (TABle 1). In trials of com-
mercially available bivalent vaccine in cattle, vaccina-
tion with 2 doses of bivalent vaccine 4 weeks apart 
was sufficient to protect calves from viraemia fol-
lowing challenge37. These vaccines were significantly 
more effective than the attenuated vaccines, provided 
inactivation was complete and quality control was rig-
orously implemented. However, it is important that 
the virus be completely inactivated in every vaccine 
batch, as otherwise vaccination could lead to some of 
the problems discussed above for attenuated vaccines. 
Furthermore, the vaccine requires two doses, which 
increases costs, and vaccine production involves the 
growth of large amounts of infectious virus before 
inactivation. There is currently a programme of mass 
vaccination of sheep and cattle in northern Europe in 
response to the ongoing outbreak of BTV-8.

Experimental vaccines
A number of potential alternatives have been investi-
gated to address the unmet requirements for an effec-
tive bluetongue vaccine: low cost, ability to distinguish 
between vaccinated and infected animals, broad pro-
tective immunity against multiple serotypes and, pref-
erably, a single dose. To be successful, a new vaccine 
will have to address the underlying problem of the 
generally poor immunogenicity of subunit vaccines. 
It was demonstrated over 20 years ago that the VP2 
protein of BTV alone was sufficient to elicit protective 
immune responses in sheep50. Since then, VP2 alone, 
and in combination with other viral proteins, has been 
delivered to animals in laboratory-scale experiments 
to assess protective efficacy using a range of different 
approaches, including purified recombinant protein51,52, 
canarypox-vectored expression53, and capripox-vec-
tored expression54. For the poxvirus-based systems, 
poxvirus is used as a vehicle for the transfer of BTV 
genes into sheep cells, where BTV proteins are then syn-
thesized. Perhaps unsurprisingly, given the initial obser-
vation, the vaccination of sheep with canarypox vector 
that co-expressed VP2 and VP5 elicited neutralizing 
antibody and protected sheep against challenge with 
BTV53. The canarypox vaccine vector is a ubiquitous 
vector that is safe (as it does not replicate in mammals),  
stable, and able to induce both humoral and cell-mediated  
immune responses. A further alternative approach used 
a capripox vector to express VP2, VP7, and the non-
structural proteins NS1 and NS3, all of which partially 
protected sheep from the disease54. Thus, these vaccines 
have generally been effective when tested in sheep and 

Figure 1 | bluetongue virus morphology. The bluetongue 
virus particle consists of the double-stranded RNA (dsRNA) 
genome surrounded by three concentric protein layers. 
The viral genome is divided into ten linear dsRNA 
molecules, each of which encodes a single protein and is 
located at the centre of the particle. The viral genome  
is surrounded by the icosahedral inner protein layer, which 
consists of VP3.  On the inner surface of this layer, at the 
five-fold symmetry axes of the particle, are the 
RNA-dependent RNA polymerase (VP1) and capping 
enzyme (VP4). A viral helicase (VP6) is probably also 
associated with the VP1–VP4–RNA complex. The VP3 layer 
is surrounded by VP7, a trimeric protein. Contacts between 
these two layers are formed by non-specific hydrophobic 
interactions. The outer layer (which consists of VP2 and 
VP5) of the virus particle is responsible for attachment  
and penetration of target cells.
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other ruminants, although it should be noted that the 
capripox vaccine was only partially protective, sug-
gesting that not only the protein expressed but also the 
amount produced and its availability to interact with 
the immune system may be crucial. Importantly, these 
trials include systems such as baculovirus-based pro-
tein production and canarypox expression, which are 
already commercially viable and therefore offer realistic 
opportunities for improved vaccines for the virus.

One option that has been pioneered for the recom-
binant protein approach for BTV vaccines is the 
assembly of virus-like particles (VlPs). VlPs substan-
tially improve immunogenicity compared with VP2-
only vaccines, because more of the VP2 antigen is in 
a correctly folded conformation and is presented to 
the immune system in an identical form, at a physi-
cal level, to the virus particle itself. Immunization tri-
als with VlPs for BTV and other viruses have shown 
that VlPs elicit stronger and longer-lasting immune 
responses than unassembled subunit vaccines, and 
efficiently stimulate both B- and T-cell responses55,56. 
However, because the VlPs contain only the protein, 
and not the nucleic acid, component of the virus, there 
is no chance of reversion to virulence, reassortment or 
incomplete inactivation, which remain possible with 
other BTV vaccines. Similarly, poxvirus-vectored vac-
cines that express a small fraction of the BTV genes 
have no risk of acting as a source of virulent BTV, but 

retain the theoretical potential to recombine with field 
strains. Other VlP vaccines have recently reached the 
market for human papillomavirus (HPV)57–60, showing 
not only that the technology is feasible for scale up, but 
also that it represents a safe and effective alternative to 
traditional vaccines for viral diseases.

like the new-generation HPV vaccines, VlPs for 
BTV are produced in insect cell culture using a baculo-
virus-based protein expression system. This eukaryotic 
expression system can produce large amounts of pro-
tein more efficiently than mammalian cell expression 
systems, it can fold and assemble proteins and large 
complexes (a single BTV VlP has a molecular mass 
of ~83.8 mDa) and it uses an environmentally disa-
bled form of an insect virus that is easily inactivated 
to drive protein expression61–63. Because the baculo-
virus used lacks a gene that is essential for the infec-
tion of its natural insect host, the recombinant virus 
cannot replicate in the environment. However, unlike 
HPV, which can form VlPs with only one of its two 
major structural proteins64, BTV is an architecturally 
more complex virus (fIG. 1). Of the seven structural 
BTV proteins, three are enzymatic and are involved 
in transcription of the virus genome18. Because these 
proteins do not seem to have a role in stabilization of 
the virus particle, and the VlP production procedure 
does not require infectious BTV at any stage, these 
proteins are omitted from the VlPs. VlPs are formed 

Figure 2 | reassortment. Like other viruses with segmented genomes, bluetongue virus genes are carried on separate 
pieces of RNA that are co-packaged into each infectious particle. When two different strains of BTV infect the same host, the 
animal acts as a mixing vessel for the pieces of RNA from the different parental viruses, and the progeny virions generated 
have genomes that are mixtures of these RNA segments. As RNA segments encode proteins that affect the serotype and 
virulence of the virus, progeny virions can be generated that have different characteristics than the original parental strains.
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by co-expression of the four major structural proteins 
of the virus (VP2, VP3, VP5 and VP7), which constitute 
the three shells of the virus particle.

To test whether it was possible to assemble full 
virus particles, it was first necessary to show that the 
core could be made in the absence of the three minor 
proteins and the dsrNA genome63. recombinant 
baculoviruses that synthesized both VP3 and VP7 
were isolated, and core-like particles (ClPs) were 
detected throughout the baculovirus-infected insect 
cells (BOX 2). The purified ClPs were similar in size and 
appearance to cores prepared from BTV. Subsequently, 
new baculovirus expression vectors were generated, 
allowing co-expression of four BTV structural proteins 
from a single recombinant virus in the same cell. These 
proteins were found to assemble into VlPs. Electron 
cryo-microscopy showed that the ClPs and VlPs were 
indistinguishable from the equivalent structures pro-
duced during a normal infection65–68. Furthermore, 
like authentic virus particles, VlPs had high levels of 
haemagglutination, and antibodies to VlPs produced 
in guinea pigs had high neutralization activity against 
infectious virus of the corresponding serotype69. To 
test if VlPs could elicit protective responses in sheep 
against BTV infection, groups of BTV-susceptible, 
1-year old naive Merino sheep were subcutaneously 
immunized with different concentrations of purified 
VlPs for BTV-10 and were given a booster 3 weeks 
later. Immune response was monitored by collecting 
neutralizing antibody titre in serum samples at regu-
lar intervals following vaccination. Sheep immunized 
with VlPs developed different levels of neutralizing 
antibodies depending on the amount of VlPs admin-
istered70. Significant levels of neutralizing antibodies 

were elicited with all concentrations of VlPs and per-
sisted throughout the study, and saline-immunized 
control sheep remained seronegative. All sheep were 
challenged by subcutaneous inoculation of 1 ml of 
infective sheep blood that contained virulent virus 
117 days after vaccination. To assess the disease status 
of the sheep, clinical reactions were assessed against 
a standardized clinical reaction index and viraemia was 
monitored from 3–14 days post-challenge70. VlP-
immunized sheep developed neither clinical signs nor 
detectable viraemia, whereas the control sheep were 
viraemic and developed the high neutralizing anti-
body titres that are indicative of a primary infection. 
In these experiments, doses of BTV VlPs as low as  
10 µg were sufficient to afford protection from virulent 
virus challenge. This effect cannot simply be explained 
by the fact that VlPs contain VP2, as VP2 constitutes 
23.88% of a virion by mass, and therefore 10 µg of 
VlPs would contain no more than 2.39 µg VP2. In 
experiments in which baculovirus that expressed VP2 
alone was used to vaccinate sheep, 2 doses of 100 µg 
each were needed to achieve complete protection in all 
vaccinated animals51,71. By contrast, vaccination with 
lower amounts of VP2 (50 µg) did not protect all ani-
mals. Thus, VlPs could protect sheep from virulent 
virus challenge with 41 times less antigen than the vac-
cine that was composed of the recombinant subunit 
VP2 alone. This effect is in part due to the presence 
of other viral proteins, as 50 µg VP2 was protective 
if co-administered with 25 µg VP5 (Ref. 51). However, 
this does not explain the full effect, and it is likely that  
the effectiveness of the VlP vaccine is based largely on the  
response of the immune system, which treats the particle  
as if it were a virus particle.

Table 1 | Bluetongue vaccines used in Europe*

bulgaria France italy Portugal Spain

Modified live virus

BTV-1 Not used Not used 2007 Not used Not used

BTV-3, -8, -10 and -11 1999–2000 Not used Not used Not used Not used

BTV-2 Not used 2000–2002 2002–2006 Not used 2000–2001‡

BTV-4 Not used Not used Not used 2005–2006 2004–2006

BTV-2 and -4 Not used 2003–2004 2004–2006 Not used 2003§

BTV-2 and -9 Not used Not used 2002–2006 Not used Not used

BTV-16 Not used 2004 || Not used Not used Not used

BTV-2, -4 and -16 Not used Not used 2004II Not used Not used

BTV-2, -4, -9 and -16 Not used Not used 2004II Not used Not used

BTV-2, -4 and -9 Not used Not used 2005–2006 Not used Not used

BTV-9 Not used Not used Not used Not used Not used

Inactivated virus¶

BTV-1 Not used Not used Not used 2007 2007

BTV-2 Not used 2004–2005 Not used Not used Not used

BTV-4 Not used 2004–2005 Not used 2005–2007 2005–2006

BTV-2 and -4 Not used 2005–2007 2005–2007 Not used Not used

*Table modified, with permission, from Ref. 49  (2008) Elsevier Science. ‡Corsica. §Balearic Islands. ||The use of BTV-16-modified 
live virus was discontinued. ¶Many European countries used BTV-8-inactivated vaccines during 2008.
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To overcome the problem of serotype-specific pro-
tection, attenuated vaccines for BTV are often admin-
istered as cocktails that contain several virus serotypes. 
To test whether the VlP vaccine could similarly pro-
tect against multiple serotypes when administered as 
a mixture, VlPs for BTV-10 and BTV-17 were used 
to immunize sheep19. As in the study described above,  
2 doses of either 10 or 50 µg antigen were used per 
sheep. Both types of VlPs elicited neutralizing antibod-
ies to the corresponding infectious virus. In addition, 
sheep vaccinated with a mixture of two types of VlPs 
produced antibodies that cross-neutralized infectious 
virus of a different serotype to the VlPs used in the 
immunization (BTV-4). In almost all cases, these neu-
tralizing titres remained high throughout the 60-week 
period. Neutralizing antibody titres for the animals that 
received 50 µg doses of VlPs were not significantly 
higher than those that received the 10 µg doses. All the 
sheep were challenged 14 months after the booster vac-
cination by the subcutaneous injection of virulent BTV 
(BTV-4, BTV-10 or BTV-17). Animals challenged with 
virus that corresponded to the vaccine strains (BTV-10 
and BTV-17), were completely protected and had no 

detectable viraemia or clinical reactions. In addition, 
animals that had been immunized with 50 µg VlPs 
were substantially protected from BTV-4 infection19. 
VlPs are currently available for BTV-1, -2, -4, -8, -10 
and -17, and VlPs for other BTV serotypes are under 
construction.

In summary, VlPs afford long-lasting, type-specific 
protection from virulent BTV challenge. In addition, 
mixtures of VlPs for two different serotypes confer 
complete protection against both vaccine serotypes 
and partial protection against a related (based on the 
amino-acid sequence of VP2) non-vaccine serotype. 
Therefore, VlPs represent a valid approach for BTV 
vaccination. However issues need to be addressed, 
mainly in relation to the scale up of production to 
an industrial level and the fact that current formula-
tions have only been tested in the two-dose per ani-
mal format. The current HPV VlP used in humans is 
expensive, but it is likely that these costs can be largely 
overcome for a veterinary vaccine. Indeed, one leading 
Dutch veterinary vaccine manufacturer (Intervet) is 
already marketing baculovirus-produced, recombinant  
protein antigens.

Box 2 | Virus-like particles

Virus-like particles (VLPs) are formed by the co-expression of virus structural proteins in the cytoplasm (see the figure, 
part a). The structural proteins of many viruses55 co-assemble without the need for active virus replication. For bluetongue 
virus, it is possible to make VLPs in large quantities using the insect cell-based baculovirus expression system. Three 
distinct particles can be formed (see the figure, part b). The first is the inner smooth scaffolding layer, which is formed by a 
single BTV protein, VP3. The second is a double-layered particle that is composed of VP3 and is surrounded by VP7, 
forming a stable BTV core-like particle (CLP) with a regular spiky surface that corresponds to the trimers of VP7. The third 
particle is the complete VLP that contains all four major structural proteins (VP2 and VP5, which encapsidate the 
VP3–VP7 CLP), including the serotype-determining protein of the virus. This particle has a distinct roughened appearance 
under negative stain. VLPs contain only the antigenic proteins, and not the nucleic acid, components of the virus and 
therefore there is no possibility for reversion, recombination or reassortment.
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Reverse genetics and future vaccines
Traditional live vaccines for BTV rely on the attenu-
ation of virus by passage in eggs or sheep. However, 
the mutations that define this attenuation are undocu-
mented. The recent development of a reverse genetics 
system for BTV makes possible the rational design 
of attenuated vaccines (BOX 3). Infectious BTV is 

produced entirely from DNA clones by generating 
one transcript in vitro for each genome segment, and 
using these transcripts to transfect permissive cells72. 
This system allows the introduction of any muta-
tion into the genome of BTV, as long as the resulting 
virus is viable. The ability to test the virulence of BTV 
mutants in the ruminant host will allow the identifica-
tion of the pathogenicity determinants of BTV, and 
these results can be used to inform the design of vac-
cine strains with multiple attenuating mutations. The 
risk of reversion to virulence in a vaccinated popu-
lation can be substantially reduced by introducing 
more than one attenuating mutation into the genome 
of the engineered strain. The possibility of regenerat-
ing a virulent BTV strain through genome segment 
reassortment with wild-type strains can be reduced 
when the attenuating mutations are present on several 
genome segments. reverse genetics data and the for-
mation of BTV VlPs have confirmed that outer cap-
sid proteins from phylogenetically diverse serotypes 
can assemble on the conserved core proteins to cre-
ate viable BTV strains69,72. This observation suggests 
that it will be possible to use a defined attenuated 
genetic background and introduce the antigenically 
important outer capsid proteins from the serotypes 
of interest. This will be relevant in regions where pro-
tection from several co-circulating strains is needed, 
such as mainland Europe. The ‘strain-by-strain’ test-
ing of each candidate vaccine strain for efficacy and 
safety can be streamlined as each new strain generated 
contains the same genetic background as previously 
tested strains.

reverse genetics also provides a basis for the devel-
opment of disabled infectious single cycle (DISC) 
vaccines for BTV, which allows the virus to infect 
the vaccinated animal, but stops it from complet-
ing a replication cycle (fIG. 3). The resulting aborted 
infection allows the expression of viral proteins at 
natural sites of infection without the production of 
infectious virus or disease in the animal, and can be 
considered to be an extreme form of attenuation. To 
produce a DISC strain, an essential gene must be 
deleted from the viral genome, and a complementing 
cell line must be produced that contains the deleted 
gene. Together, the complementing cell line and the 
defective viral genome produce a complete set of 
viral proteins, allowing the replication of the virus. 
In any other cell, such as the natural host, the viral 
genome is defective because the essential viral gene 
product is not expressed. A complementing cell line 
has been used to replicate a defective member of the 
reoviridae (mammalian orthoreovirus), in which 
a structural protein was eliminated from the viral 
genome73. A DISC vaccine strain would exhibit many 
of the safety features of inactivated vaccines, while 
preserving the expression of viral proteins at the natu-
ral sites of infection, as observed with live vaccines. It 
remains to be determined what dose will be required 
to elicit protective immunity. The defective nature  
of the DISC vaccine strain would make it a safer class of  
vaccine than viable vaccine strains with respect to the 

Box 3 | Recovery of BTV from cDNA clones

The steps needed to recover bluetongue virus (BTV) 
from cDNA are shown in the figure. T7 plasmids 
contain the full-length BTV genome segment flanked 
by a T7 phage promoter and a restriction enzyme site, 
which defines the BTV 3′ end sequence during 
transcription. Transcripts that correspond to each of 
the ten BTV segments are prepared in vitro by 
transcription from the T7 phage promoter, and their 
integrity is checked on 1% denaturing agarose gels. 
All ten transcripts are co-transfected into susceptible 
mammalian cells and overlaid with agarose. BTV 
plaques are picked and amplified using standard 
virological techniques. Using this approach, it is 
possible, for the first time, to introduce directed 
mutations into replicating virus, including those that 
selectively attenuate the virus72. M, molecular weight 
marker. 
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risk of reversion to virulence. Because the DISC strain 
would be missing one or more viral proteins, the DISC 
approach could be used to make a vaccine in which 
it is possible to distinguish between vaccinated ani-
mals and those that have been exposed to infectious 
virus. Such information would permit an assessment 
on whether a country or region is bluetongue-free, 

a decision that has important consequences for the 
trade of livestock. A complementary strategy would 
be to use the suboptimal codon approach recently 
pioneered for polio vaccines74,75. This method alters 
the codon bias throughout the genome to attenuate 
the virus, and would effectively remove the possibility 
that, similar to current attenuated vaccines, the DISC 
strain might reassort with circulating field strains 
to produce viable virus. reassortment between the 
codon-disabled DISC strain and a field strain would 
lead to progeny virus that would inherit the poor 
protein expression of the DISC parent irrespective of 
which genome segment were to reassort. As the entire 
genome of BTV is composed of only 19,219 nucleotides, 
this approach should be feasible.

Concluding remarks
The control of bluetongue disease through timely and 
relevant vaccination is feasible. However, although 
current vaccines are effective, they have significant 
drawbacks that are likely to increase as the demand 
for vaccination grows. The speed of scale up to a 
newly emerged serotype, the uncertain nature of nat-
ural attenuation and the safety issues associated with 
virus inactivation all suggest that newer approaches 
are needed. The new generation of vaccines described 
above offers amelioration for each of these areas by 
offering a rapid route from DNA to vaccine as well 
as a safe product without loss of a robust immune 
response. Such vaccines are at an advanced stage of 
development and it seems likely that some will find 
their way to the marketplace in the near future. The 
basis of BTV serotype and neutralization is known, 
and VP2-only (and perhaps other immunogenic BTV 
proteins) or VlP-based subunit vaccines could be 
beneficially applied to control the outbreak of blue-
tongue disease. DISC vaccines and codon bias vac-
cines for BTV represent an exciting future possibility, 
as they should allow increased safety with even better 
immunogenicity. In short, recombinant approaches 
are poised to become the dominant method for BTV 
vaccine development in the future. We look forward 
to the addition of molecular adjuvants and develop-
ment of the BTV vaccine as a carrier for other vaccine 
antigens. recombinant vaccines developed in this way 
could allow the introduction of a marker that could be 
used to distinguish between vaccinated and infected 
animals, a long sought after goal that would allow 
the safe movement of animals without the danger of 
introducing bluetongue disease.

Figure 3 | Proposed DiSc vaccine for bluetongue virus. Using the new reverse 
genetics system for bluetongue virus (BTV) it might be possible to make disabled 
infectious single cycle (DISC) vaccines for the virus. In these vaccines, multiple 
essential viral genes would be inactivated in the virus and supplied during vaccine 
production using a complementing cell line. In unmodified cells, and in the 
vaccinated animal, the virus would be unable to replicate because the 
complementing proteins would be missing. To ensure that progeny virions produced 
through recombination with field strains were non-viable, the DISC strain could be 
further attenuated using codon bias mutations in all ten segments. Such vaccines 
would be compatible with current vaccine-production facilities used to make 
attenuated and inactivated vaccines.
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DATABASES
UniProtKB: http://www.uniprot.org
NS1 | NS3 | VP1 | VP2 | VP3 | VP4 | VP5 | VP6 | VP7 

FURTHER INFORMATION
Polly Roy’s homepage: http://www.lshtm.ac.uk/pmbu/
research/roylab
The Center for Food Security and Public Health (animal 
disease information): http://www.cfsph.iastate.edu/
diseaseinfo/
National Farmers Union: http://www.nfuonline.com/
x32254.xml
World Organisation for Animal Health (bluetongue 
diseases data): http://www.oie.int/eng/maladies/fiches/a_
A090.htm#4.
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