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Foreword

The past year has been one of considerable change in NERC, boih in the focus of
its science and In its structures. The catalyst for these changes was the
publication of the White Paper Realising our Potential. NERC was given a new
mission for its scierce to embrace the concepts of meeting the needs of its user
communites and contributing to wealth creation and the quality of life. We have,
of course, always paid close attention to these cbjectives, but there is now a clear
need for a sharper focus and better articulation of what we de in these areas.
Basic science and long-term monitoring are also included in our missicn, and
due weight must also be given to these when developing our science strategies.

The science directorates will cease 10 exist towards the end of 1994, and new
structures will be put in place. TFSD Institutes are being regrouped as the Centre
for Ecclogy and Hydrology. However, the report of the Multi-Deparimental
Scrutiny of Public Sector Research Establishments is awaited, and decisions
arising from this may result in further organisational changes within NERC.

An impertant activity during the year has been the preparation of a new science
and technology strateqgy for the terrestrial and freshwater sciences. Publication is
expected in July, and a number of research areas will be identified for priority
support over the next five years.

During my relatively short time with NERC, I have come to appreciate and value
the breadth and strength of our work in the terrestrial, freshwater and
hydrological sciences. This Report illustrates the wide range of projects on
virology and environmental microbiology that are undertaken at IVEM. I find it
particularly impressive that, across the whole spectrum of the Institute's
activities, basic research of the highest quality is leading to potential applications
of the science int areas as diverse as plant protection, vaccine production and
gene delivery sysiems.

Fnally, | should like to state how much [ have appreciated the friendships that |
have established with so many members of our community. It is these that will be
my most valued and lasting memories of NERC.

C Arme
Director of Terrestrial and Freshwater Sciences

Front Cover [llustration:
Maize crop treated with inseclicides to prolect against Spodoptera caterpillar pests in Nicaragua.



NATURAL ENVIRONMENT RESEARCH COUNCIL

REPORT OF THE
InsTrTUTE OF VIROLOGY AND
ENVIRONMENTAL MICROBIOLOGY
1992-1994

INSTITUTE OF TERRESTRIAL ECOLOGY
Kil OF CRATHENS o
EEunRY.

LS ANDINS SHIRE

h251 4BY







Contents

Director’s Statement

Microbial Ecology

Molecular Virology

Virus Ultrastructure

Plant Virology

Virus Ecology and Bio-control
Flaviviruses

Virus Protein Functions

Tick-borne Pathogens

Molecular Biology of Baculoviruses

Orbiviruses

Appendices
Appendix 1
Appendix 2
Appendix 3
Appendix 4

Page
1
M ] Bailey 2
D HLBishop 4
T F Booth 6
J I Cooper 8
J 5 Cory 10
E A Gould 12
I M Jones 15
P A Nuttall 17
R D Possee 19
P Roy 21
Financial Background
Organisation and Staff Lists
Publications 1992-1993 v
Curricula Vitae of Project Leaders xvii






Director’s Statement

The Institute of Virology and Environmental
Microbiology is a component of the Natural
Environment Research Council (NERC), an
organisation funded by an annual grant from
the UK government to support and undertake
research In the sciences relating to man's
environment.

The mission of the Institute is the study of
viruses and other micrebes in the natural
environment primarily in the following areas:
their relationships with veriebrates,
inveriebrates and planis; their replication,
transmission, vectors, hosts, and ecology; the
generation and behaviour of genetically
modified organisms, the risks and benefits of
their release, together with appropriate
aspects of the molecular biology, evolution
and genetics of microbes; and the
identification, prevention and spread of
diseases caused by microbes, primarily in
species other than man. The Insfitute carries
out strategic and basic research in these
subjects, and also provides expertise for
sponsored research and training of high
cuality. It aims to build its sponsored
research on the foundation of a first class
scientific reputation and to play a major part
in the natienal and international scientific
community.

Prior to 1980 the staff were members of
Oxford University and lmown as the Insect

Pathology Unit (1963-1971), then the Unit of
Invertebrate Virology (1971-1980) when
support was provided by NERC. In 1980 the
Institute of Virclogy was founded. Prior to
1984 the research was under the direction of
Dr T W Tinsley MA, DSc, FI Biel, in
conjunction with Mr | S Robertson BA. Since
1984 the Director has been Professor D HL
Bishop MA, DSg, F Biol. In 18989 the name and
remit of the Institute was expanded to the
Institute of Virclogy and Environmental
Microbiology (IVEM) as the expertise of the
staff iIncreased to include research into other
aspects of environmental microbiology.

The Institute of Virology arid Environmental
Microbiology is housed in a custom-built
facility on a site allocated to NERC pro
tempaoris by the University of Oxford. The
Institute is in the heart of the University's
Sclence Area. The arrangement allows direct
links o be maintained between the staff of the
Institute and those of several Departments of
the University. Almost all the project leaders
of the Institute, together with their Oxford
University or Oxford Brockes University
partners, undertake the supervision of
graduate students. Staff of the Institute
maintain close links with the Oxford
University Interdisciplinary Research Centre
(IRC) in Molecular Sciences.

This report, a synopsis of the research areas
and a selection of the achievements in the ten
programmes of the Institute, covers research
performed over the last 2 years (1992-1994).
Sigmal achievements include, among others,
the completion of the 133,884 base pair
genome sequence of a baculovirus
insecticide, field trials of a genetically
improved version of this virus, and
morphogenetic studies of how orbiviruses
assemble at the molecular level. Details of
the results will be found in the publication
record.

David H L Bishop




Microbial Ecology

M J Bailey

We are investigating the properties of
selected pseudomonad bacteria and their
mteractions with sugar beet. To achieve this
we have developed and tested in laboratory,
greenhouse and field studies, a genetically
marked bacterial species in order to follow
the ability of this species to colonise plant
surfaces and interact with other members of
the natural microbial community. The studies
have as their eventual objective the use of
genetically modified bacteria 1o control
against pest infestations and plant pathogens.
In addition, studies have been undertaken to
establish the genstic properties of a plant-
assoclated pseudomonad as an aid to
understanding its taxonomic relationships.
Selected aspects of the work are described
below.

Studies on the microbiology of
plant surfaces using a
genetically marked species

Using a commeon and naturally occurring
plant-associated bacterium and genetic
engineering procedures, a plasmid-free,
doubly-marked Pseudomonas aureofaciens
species, designated SBW25EeZYBKX (lacZY,
kan', xylE), was developed. Following
laboratory and greenhouse studies, and with
permission from the Secretary of State for the
Environment, the marked bacterium was
used to investigate the ability of the species
to colonise, compete and persist on sugar
beet surfaces throughout two growing
seasons (Figure 1). Similar field studies were
undertaken with the bacterium by
collaborators at the Horticulture Research
International (Littlehampton) using wheat as
the plant substrate. The markers, set some
15% apart on the bacterial chromosome,
allowed the bacterium to be monitored,
identified and guantified among the
microbial population using simple plating
methods. These procedures also allowed the
bacterium to be detected at levels down to 1
colony forming unit (cfu) per gram of soil
sample. Infroduced as a seed dressing to
sugar beet (107 cfu per seed), the bacterium
effectively colonised the roots and leaves of

by

developing plants in competition with other
species (bacteria, fungi), but did not survive
in detectable numbers in the soil in the
absence of plant material. Over Winter it
swvived, and in the second year colonised
new leaves that grew on the previocusly
inoculated plants. No dispersal of viable
bacteria to soil, weeds or neighbouring
plants was detected, except (o those that
were in direct contact with the heavily
colonised plants, and then only in very small
numbers. The studies were undertaken with
support from the Department of the
Environment.

Figure 1: Sugar beet field site

Do chromosomally located genes
transfer to indigenous bacteria in
the phytosphere?

To detect gene transfer in the environment it
was assumed that the most likely natural
recipients of chromosomally-located genes
would be other pseudomonads. During the
studies described above, the presence of the
marker genes was sought among other
fluoreseent pseudomonads iselated from the
sugar beet. No gene transfer was detected
despite the sensitivity of the assays.

A genetic map of a natural
pseudomonad

A complete physical map of the 6,600,000
base-pair genome of the P. aurecfaciens
SBW25 chromosome has been obtained
using restriction enzyme digests, one and



two-dimensional pulse field gel
electrophoresis, as well as available
pseudomonad gene probes and cosmid
subclones of the bacterial genome. The
locations of 120 restriction sites (15 Pacl, 52
Spel, 53 Xbal) have been placed on the
genetic map together with a number of
genes including onC, recA, oprF, pyoverdin
and the various rRNA operons. This is the
first map of an indigencus plant-associated
pseudomonad to be described and provides
a reference for understanding the bacterial
genome organfsation and pseudomonad
genetics.

Conjugative plasmid transfer is
stimulated in the rhizosphere

Six genetically distinct classes of natural
conjugative plasmids that provide host
bacterial species with resistance to mercury
were isolated from the phytosphere
community of sugar beet over a number of
growing seasons. In sifu investigations with
cne of these plasmids demonstrated that
transfer between introduced donors and
recipients was stimulated at the root surface,
but was not detected in soil free of reot
exudates. In sifu transfer on thé plant
surfaces was more than 100 times greater

than that observed using agar as a substrate

(Lilley et al., 1994, Microbiclogy 140: 27).

Transfer of indigenous mercury
resistance plasmids to a- '
genetically marked
-pseudomonad associated with
field grown sugar beet
-With support from the Ministry of
Agriculture, Fisheries and Food, the
European Community and the
Department of the Environment we have
mvestigated whether the transfer of mercury
resistance plasmids occurs in'the natural
environment under field conditions.
The acquisition of such plasmids was
monitored among the marked bacteria
recovered from field grown sugar beet.
Mercury resistant colonies of pseudomenads
containing the two marker genes were
recovered from the leaves and roots of

mature plants. Unlike the parént bacterium,
these bacteria were shown to comntain

_blasmids with DNA sizes ranging up to

300,000 base-pairs in size and representing
two genetically distinct groups. The results
provide the first unequivocal demonstration
of conjugative gene transfer in the
phytosphere under natural condifions.



Molecular Virology

D HL Bishop

The research undertaken by the Mclecular
Virology group concerns defining the
genetic capabilities, coding and
morphogenetic strategies of selected viruses
and the consequences of virus infection. To
accomplish these goals, use is made of
genetics and genetic engineering
precedures to préepare reagents for analysis
and to investigate the characteristics of the
derived products. Including the work
supported by grants and contracts, the
viruses under study have been rabies, feline
immunodeficiency virus, selected muman
caliciviruses, hepatitis A and the
bunyaviruses snowshoe hare and La Crosse
viruses. Selected topics are described
below, for fuller accounts see the complete
Bibliography.

The genetic capabilities of
bunyaviruses: new evidence that
polyploidy is a common feature
of bunyavirus infections

Members of the Bunyaviridae family include
a variety of human and animal pathogens.
While most members of the family are
rransmitted by artl’iropod vectors, some, the
hantaviruses, are transmitted by particular
rodent species causing disease 1n their
mecidental human hests (e.qg., the 1993 “Four
Cormners" virus epidemic in the USA).
Bunyaviruses, one of the 5 genera in the
family, include some 150 virus species. They
are transmiited by moscuitoes and, on
occasion, by certain other haematophagous
arthropods. Generally the viruses are limited
in their distribution by the particula} hosts
and vectors they infect. Snowshoe hare (55H)
and La Crosse (LAC) bunyaviruses have
been recovered from the USA and Canada n
association with human infections, in
particular involving children. Varieties and
relatives of these viruses, including Tahyna
and Lumbo viruses, are members of the
same gene pool and have been found in
other regions of the world (Europe, South
Africa, Russia, South and Central America).
Several are associated with human infections,
All members of the Bunyaviridae family have

a tripartite RNA genome that may reassort
between members of the same gene pocl
upon coinfection of host cells (vertebrate or
invertebrate). Apart from the accumulation of
point mutations, reassortment is a major form
of evolution amongst RNA viruses that have
segmented gencmes. In view of this, a study
was conducted using polymerase chain
reactions (PCR) specific for the individual L,
M, and S RNAs of SSH and LAC viruses in
crder to investigate the factors that affect the
formation of reassortants. All 8 possible
genotype combinations were identified (2%),
with resulis that indicated a preference for
homologous LM and M5 associations and
hence the formation of the parenial
genotypes. However, an unexpected
observation was the high percentage {8%) of
polypleid virions invelving the similar RNAs
of both viruses (i.e., infectious viruses that
contained more than one type of a particular
RNA species e.g., the S RNAs of both LAC
and SSH viruses). Progeny virus species with
both S types were more frequently cbtained
than species with both M RNA types. On the
assumptioh that polyploidy occurs with at
least equal frequency in the replication of
individual bunyaviruses, this cbservation
offers a further explanation for the difficulties
repcrted previously in obtaining
temperature sensitive rmutants representing
the S ENA gene products of bunvaviruses. -
[Other explanaticns are the small percentage
of the S RNA target size and the overlapping
reading frames of the 2 encoded"genes
(Bishop ef al.; 1982, Nucleic Acids Research
10, 3703).] The presence of polyploid viruses
undoubtedly reflects the plasticity of the
morphogenetic processes of these
enveloped viruses. Apart from the value of
possassing more than one copy of an RNA
seqgment, co-packaging of a foreign segment
has implicaticns for virus evolution. For
exarmple, 2 passenger gene may have an
opportunity to adapt to the host genotype
without the requirement to provide functions
needed for virus replication. The further
question raised by these studies is whether
polyploidy is a common feature among other



enveloped viruses with segmented genomes
(e.g., the influenza viruses).

PCR procedures to identify
human caliciviruses

With support from a contract from the
Ministry of Agriculture, Fisheries and
Food, and based on the reported sequences
of a number of human caliciviruses (the
Norwalk, Snow mountain, Southampton and
hepatitis E viruses}, PCR procedures have
been established to allow the presence of
such viruses to be identified in contaminated
shelifish samples. Similarly, PCR procedures
have been established for other potential
viral contaminants, such as hepatitis A virus.

Morphogenetic studies on
hepatitis A virus

With support from The Wellcome Trust,
studies have been undertaken on the
synthesis of hepatitis A virus-like particles
(VLPs) using baculovirus expression vectors
and with regard to developing a candidate
vaccine to the virus that can be prepared in
insect cells. A variety of single and dual gene
baculovirus expression veciors were made
involving the complete P1 coding region of
hepatitis A virus expressed in the presence
or absence of the various viral proteases, or
involving modifications of the amino terminal
sequence of Pl to provide an optimal
myristoylation site. Similarly, the individual
Pl encoded products were made either
individually or all together. Synthesis of the
various products was analysed and the
expression levels optimised. To achieve the.
latter, selected codons were changed (e.g.,
GGA for GGG as a glycine codon, etc.) on
the basis that such codons are infrequently
employed in the baculovirus genome. While
antigenic sequences were obtained and the
expected protease activities were
demonstrated, little evidence for VLP
formaticn was obtained, unlike the prior
studies with polio VI.Ps (Brautigam et af.,
1963, Virology, 192, 512).

Feline immunodeficiency virus
(FIV)

With support from Laboratoires VIRBAC,
various FIV gene products have been
expressed, diagnostic reagents prepared
and the characteristics of the gag-po!
ribosome frameshifi event have been
characterised. To test some of these
reagents, the incidence of FIV-reactive
aniibodies in free-ranging lions in the Kruger
and Etosha Naticnal Parks in Souihern Africa
was investigated. While no evidence for FIV-
related infections was identified in Etosha, in
the Kruger National Park 83% of the lion
samples dating back to 1977 were found to
have reactive anitbodies. Apart from the
lower prevalence in cubs (50%), no
particular trends were demonstrated in
terms of age, sex, date, or geographical
origins of the samples in the Park. The
engineered FTV antigen was shown {0 be
more sensitive at detecting FIV-reactive -
antibodies than assays with available
commercial kits. -



Virus Ultrastructure

T F Booth

The research undertaken addrasses the
cuestion of defining the ultrastructure of
selected viruses and relating this to their
morphogenesis. The system under study
concerns blustongue virus (BTV) and was
instigated in ccllaboration with Professor Roy
and her associates. To bridge the gap
between X-ray crystallography at the atomic
level and direct visualisation of a particle, use
is made of cryo-electron microscopy. Cryo-
electron microscopy invelves ultra-rapid
freezing of biclogical macromolecules in a
thin layer of vitrecus ice. Specimens are then
transferred mto a transmission electron
microscope equipped with a low-
temperature specimen holder. Due to the
lack of artefacts with this technicue, image
processing of the micrographs yields an
accurate three-dimensional map of the
structure of macromolecular assemblies
such as virus particles and at resolutions of
up to 2.0 nm. The rapidity of freezing ensures
that labile structures, such as lipid
membranes and protein assemblies, are
preserved and that the shapes and relative
positions of component molecules are
maintained. Another benefit is the possibility
of time-resolved studies during dynaimic
events such as viral uncoating or maturation.
With cryo-technigues valuable information
from within the molecular sttuctures can also
be obtained, unlike with conventional
shadowing or negative staining techniques
(which only allow the surfaces of molecules
to be visualised).

In collaboration with Dr E A Hewat and RH
Wade in Grenoeble and Professor P Roy in
Oxford, we have analysed CLPs and VLPs
and compared them to BTV virions and
-cores. The 3D structures generated by
computer analysis of cryo-electron
micrographs have been obtained. The VLPs
are essentially similar to that of the virus.
particles (Figure 1), except that they are
emply and contain no genomie, or cellular
RNA, or replicative enzymes. However, the
VLPs are slightly collapsed inwards at the
five-fold vertices, and thus have a slightly
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different shape to that of virus particles.
Analysis of apparently perfectly formed VLPs
indicates that they have a full complement of
the four main preteins (VP2, 3, 5 and 7), with
all positions occupied to a high degree.
Moreover, the VLP coritains a full
complement of the VPT trimers, some of
which can be missing from CLPs. This
suggests that interactions with the outer shell
proteins may stabilise the VPT trimers
around each five-fold axis.

The recent installation at IVEM of a Philips
CM120 cryo-electron microscope, with an
Oxford Instruments cryotransfer stage will
facilitate further studies and should allow
significant improvements in understanding
virus ultrastructure, Developmental studies
are supported by a collaboration with
Oxford Instruments (UK) Ltd.

Figure 1 Struciure of the outer shell suiface of
bluetongue virus consists of two types of protein subunils,
180 VP2 subunits (in blue) arranged in propeller-like
clusters of three, and 120 globular VPS5 subunils (yellow)
vwhich fil into sockets in-between. The inner shell layers
are shown in grey. The diameter of the particle is 84nm.

Self-assembly of BTV proteins
into core-like and virus-like
particles (CLPs, VLPs)

The discovery by Professer Roy and
colleagues (French and Roy, 1980, . Virol,,
64: 1530; French, Marshall and Roy, J. Virol.
64: 5695) that when certain BTV proteins are
expressed together in cells, they self-
assemble into CLPs and VLPs, has allowed



their structures to be compared to those of
virus cores and particles and the
morphogenetic processes io be dissected.
When the VP3 and VP7Y proteins of BTV are
expressed, icosahedral, single-shelled CLPs.
are formed sportaneously (see the Orbivirus
Report). If the outer capsid proteins VP2 and
VPS5 are expressed at the same time, double-
shelled VLPs are formed containing all four
proteins. The surface structure of VLPs is
similar to thai of the virus particle, as shown
in Figure 1.



Plant Virology

JICooper

The plant virology group undertakes
research to understand the factors that

" determine plant resistance to viruses, and to
develep methods to protect plants against
virus pathogens and pest infestations. To
accomplish these goals we are using a
variety of genetic engineering techniques to
intreduce appropriate vinis genes (or
truncated genes) into plants and plant cells.
The products are being evaluated for
suttability in agriculture and forestry.

Transgenic genes protect against
root inoculation by virus-
carrying nematodes

Soll-inhabiting nematedes injest viruses from
infected plants when they feed on the reots.
Such viruses transmitted by nematodes
cause disease in wild plants and lessen the
competitiveness of individuals and
populations in communities. In some
instances, the viruses cause severe damage
to food/fibre crops. Control measures to
eradicate soil-inhabiiing nematodes are
expensive, inefficient, and oftén
environmentally unacceptable. As a
consequence, we are developing
biotechnological methods of controlling plant
resistance to infection by these nematode
transmitted viruses.

One strategy employs the capsid protein

gene of arabis mosaic virus (ArMV) or that of”

strawberry latent ringspot virus (SLRSV).
Each of these viruses is transmitted by the
nematode species Xiphinema
diversicaudatum. Evidence has been
obiained to indicate that transformed plants
containing the SLRSV or ArMV capsid protein
are resistant to homologous virus infection.
The capsid gene of ArMV has been
geneiically engineered into tobacco plants.
Furthermore, these transgenic plants are
significantly less susceptible to systemic
invasion following inoculation by nematodes
carrying the homologous virus. These
cbservations have provided the first
reported evidence that expression of a
capsid proiein protected transgenic planis

against nematode-transmitted virus.
However, the pathogenicity of other viruses
such as potato Y virus, tobacco rattle virus,
alfalfa mosaic virus and cherry leaf roll virus
were unaffected in these plants. .

We have begun to investigate the mode of
action of resistance achieved in the SLRSV
transformed plants.-The capsid protein of
SLRSV consists of one small and one large
subunit. They are formed in the infected plant
cell following cleavage of a larger protein.
We have transformed tobacco plants to
contain either the small, the large subunit or
the precursor protein. In nematode feeding
experiments only the plants expressing the
largie subunit protein were resistant to
SLESV. The durability of protection in
perennial horticultural crops which are most
severely affected by SLRSV (e.g. raspberr'j
and cherry), remains to be determined. Such
work is proceeding in collaboration with
scleniists at Dundee.-This work is supported
by the Department of the Environment
and the Ministry of Agriculture,
Fisheries and Food.

Development of genetically
engineered poplar to provide
resistance to Poplar Mosaic Virus
(PMV)

The entire genome of PMV has.been cloned
and sequenced. Analysis of the primary
nucleotide sequence revealed six open
reading frames (ORFs). ORF-1, located at the
5" terminus of the genorne is a putative
polymerase gene coding for a protein with
three domains: a methyl-transferase, an
NTPbinding/helicase and a core with a
characieristic GDD motif. ORFs-2, -3 and -4
collectively form a “iriple gene block” which,
by analegy with such structures in other
viruses, is thought to be involved with virus
movernent. ORF-5 encodes the 36K capsid
protein. Only this product has been
unambiguously identified in translation
preoducts of the virion-derived RNA. The PMV
capsid proiein contains the sequence motif
(RFEK)FA(G/A)FD-XEFXXVIOOXAA which is



conserved in both carlaviruses and
potexviruses. The 3' terminal ORF, which is
overlapped by the capsid gene, encodes a
14K polypepiide containing a “zinc-finger”
motif. ’ -

Experiments addressing the protective
efficacy of PMV-derived sequences have
imvolved preparing transgenic tcbacco
(Nicotiana benthamiana) containing a
chimeric sequence that includes part of the
PMV 14K protein fused to the capsid coding
sequence. Of 10 lines shown to contain the
viral DNA, Western transfer hybridisation
revealed the capsid protein in eight. In the
two remaining lines no capsid protein was
detecied. Four lines were resistant to
infection by the homologous virus. There was
no correlation between amounts of capsid
protein expressed by the transgenic plants
and resistance to PMV. To facilitate
exploitation of such virus-derived resistance
genes, 10 poplar genotypes of hybrid black
poplar with commercial significance within
the Eurcpean Community have been
established in vitro and gene delivery
systems/regeneration protocols are being
optimised. This work was supported by the
European Commission under projectsin
the FOREST and AIR programmes.



Virus Ecology and Bio-control

J S Cory

One of the objectives of the research in the
Virus Ecology and Bio-control group is to
develop new forms of bic-control for insect
pests. The loss of agricultural erops to pests
continues, despite the widespread use of an
armoury of chemical insecticides sold
annually by the multi-billion dollar pesticide
industry. This problern is exacerbated by the
negative effects that many chemicals have on
the environment and natural resources as
well as human, animal and plant health.
There is a need to develop new, effective
and environmentally-compatible pesticides.
One option for pest control is the use of
naturally occurring micro-organisms
(biopesticides), as well as those enhanced
by recombinant DNA technology. Genes
from members of one phyla can be
incorporated into members of another
creating novel combinations and providing
new generations of genetically engineered
pesticides 1o join the battle against pests.

First field trial of a genetically
improved virus insecticide

One area of pest control which has attracted
particular attention worldwide is the genetic
modification of bicinsecticides, in particular
the insect baculoviruses. Baculoviruses are a
group of large DNA viruses which only infect
arthropods (primarily, insects). They are
particularly commen in Lepidoptera,
However, unlike synthetic chermical
insecticides, they are much more specific,
infecting only a limited number of species.
The plant-feeding larval stages of particular
msect species are susceptible to certain
types of baculoviruses, which they ingest
whilst feeding or browsing on foliage.
Following death of a susceptible larva, the
virus-filled cadavers (Figure 1) eventually
lyse, releasing large quantities of virus which
provide a source of inoculum for other
susceptible larvae. Birds, rodents and other
mvertebrates, although themselves
uninfected by the virus, are often involved in
the passive spread of virus in the
environment.

¢

In terms of their capacity to reduce crop
damage by insect feeding, the most
successful genetically engineered
baculoviruses identified in the laboratory to-
date are thoge which express insect-
selective toxing derived from other species
(e.g., one of the cocktail of toxins produced
by scorpions, or a toxin of mites etc).

Figure 1. Pine beauty moth larva, killed by a baculovirus.
The larva is much paler than an equivalent-aged healthy
larva because of the large number of virus occlusion
bodies showing through the weakened cuticle.

To validate the laboratory data, permission
was granted to IVEM in 1993 for the first field
trial anywhere in the world of an improved
genetically engineered baculovirus (L.e., the
one prepared by [VEM that produces an
insect selective scorpion toxin; Stewart et al,|
1991, Nature 352, 858). The main aim of the
trial was to see if treatment with the
recombinant virug would reduce crop




Figure 2 ()

Figure 2: Damage to cabbage planis in a) control plots
nfested with healthy cabbage looper Trichoplusia ni
larvae; b) similar plots treated with a high dose of wild-
type virus (10% PIBs/m?); or c) a similar dose of
recombinant virus.

Pictures laken 16 days after virus application.

damage produced by caterpillars feeding on
cabbage. The results showed conclusively
(Figure 2) that caterpillar damage to the
cabbage plants was significantly lower in the
plois treated with virus expressing the
scorpion toxin than in the plets freated with
the wild-type virus (Cory et al, 1894, Nature
310, 138). This important result paves the
way for the furiher development of
insecticides which can be desigmed to be
more compatible with environmental needs
than the currently available chemical
pesticides.

Further frials are underway to investigate
virus persistence and the finess of
genetically engineered baculoviruses as well
field studies on the effects of baculoviruses
on less susceptible host species.

Studies of iridoviruses: proposals
for a new classification scheme
[ridescent viruses (IVs) are large icosahedral
viruses, 130-200 nm in diameter containing a
DNA genome. Insects and other
Invertebrates infected by these viruses ofien
display a vivid blue-green opalescence
which has been the key criterion in the past
for diagnosing IV infections. However, such
remarkable symptoms are extremely rare in
most susceptible host populations. Studies at
IVEM have demoenstrated that the incidence
of covert (nonlethal) infection by IVs can be
orders of magnitude higher than the overt
(lethal) form in populations of blackflies
(Diptera: Simuliidae), which are important
vectors of human disease, particularly
onchocerciasis. On the basis of these results,
the importance of Vs as invertebrate
pathogens and as potential control agents for
insect pests may be considerably different
from the established view.

DNA and other studies undertaken at IVEM
have led to a new classification for IVs that is
under consideration by the International
Cormmittee for Taxonomy of Viruses
(Williams and Cory, 1984, ]. Gen, Virol. 75,
1291).
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Flaviviruses

E A Gould

The purpose of the research is to understand
the infectious and replicative processes of
the arthropod-ransmitied flaviviruses in both
their vectors and vertebrate hosts and to
identify the factors that determine their
pathogenetic characteristics.

Underpinning this work is the production of
infectious cDNA clones.which can be
characterised and modified by mutation and
gene exchange experiments. The effects of,
such modifications wili be examined in both
vertebrate and invertebrate hosts. The work
is focused primarily on the tick-borne
flaviviruses (including those in the UK).
Complementary contract and grant
supported research using genetic
engineering and immunological procedures
involves veterinary, medical and ecological
aspecfs of flavivirus diseases.

Development of infectious cDNA
clones to study flavivirus .
replication and pathogenesis and
virus control methods -

Louping ill (L) and tick-borne encephalitis
{TBE) viruses are closely related tick-borne
flaviviruses that naturally infect a wide variety
of vertebrate species including wildlife,
livestock and on occasion, humans. The
entire nucleotide sequences of
representative strains of both viruses have
been determined and used tc assemble full-
length cDNA copies of the viral RNA
genornes. RNA transcripts of these cDNA
molecules are being produced to isclaie
infectious virus clones. Once accomplished,
it will be possible to engineer precise
changes into the virus genome and by gene
exchange experiments, produce chimaeric
viruses. Genetically medified viruses will be
analysed to determine the genes and
sequernces involved in tick-vector
competence and virus neurctropism in
vertebrate species. cDNA-derived chimaeric
viruses will also have application to the
development of vaccines for livestock and
humans.

Characterisation of recombinant
viruses expressing the PrM/E
genes of selected flaviviruses
Baculovirus expression vectors have been
developed to prepare individual and
combinaticns of proteins encoded by the
flavivirus RNA genome. Although flaviviruses
are antigenically closely related they also
exhibit antigenic differences (Gould, et al,
1888, Journal of General Virology 66, 1369).
These differences can be exploited to
develop diagnostic systems. With support
from the Ministry of Defence, and in order
to develop rapid and sensitive systems for
discriminaiing between faviviruses,
recombinant baculoviruses that express the
pre-membrane and envelope (PrM/E} genes
of selected flaviviruses have been produced.
The purified recombinant proteins have
been used to develop rapid diagnostic
systerns. The expressed proteins form non-
infectious, virus-like particles which are
under investigation as candidate vaccines.

Use of immunological methods to
study flavivirus pathogenicity

To support the studies on flavivirus
replication, pathogenicity, and host defence
mechanisms we need to undersiand the
nature of virus-antibody interactions. This can
ke achieved by developing genetically
engineered monoclonal antibodies that
exhibit the same functions as conventionally
derived monoclonal antibodies. With support
from Centocor Inc and the Ministry of
Defence, we have ehgineered a moneclonal
antibody that neutralises LI and TBE virus
infectivity. The engineered antibody has
been expressed via an infectious cDNA clone
of Sindbis virus. Recombinant Sindbis virus
infected cells resist infection with Ll virus due_
to the presence of the intracellular antibody
to LI virus. The system has the potential to
produce purpose designed viruses that can
conirol diseases in vertebrates.

In parallel work, techniques have been
developed to produce phage libraries of
random sequence peptides. These libraries



are being used to map moneclonal
antibodies against tick-bome flaviviruses.
Peptide sequences that bind neutralising
monoclonal antibodies will be tested for their
potential as immunising agents against the
appropriate flaviviruses. Peptide sequences
that bind monoclonal antibodies with
particular virus specificities will be assessed
for their potential in rapid diagnosis kits.

Tick-borne flavivirus evolution:
demonstration of a cline across
the northern hemisphere
With support from the Chinese
Government, the British Council and
the Ministry of Defence we have
determined the nucleotide and primary
amino acid sequences of the envelope (E)
gene of a number of tick-borne flaviviruses.
Equivalent sequence data are available in
databases for many of the mosquito-borme
flaviviruses. A phylogenetic analysis of these
data has been made to provide a rational
scheme of classification for the genus
Flavivirus. From the data the following
conclusions have been made: 1) the tick-
bome flaviviruses have evolved as a
“genetic continuum” or cline, 2) the various
genes have evolved at comparable rates, 3)
.” site mutations that arise as the resuli of
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Figure 1: Comparative 30 amino acid sliding window
analysis of the E proteins from tick-borne, JE-related
(referred (o as Group 3) and DEN serogroup viruses. The
numbers 1, 2 and 3 on the graph denote the positions of
maximum difference in variability between TBE complex
and the DEN serogroup viruses.

positive selection have been identified, 4) the
E gene alone is a valid genetic marker of
each virus species, 5) a critical analysis of the
E gene data shows that there is a relationship
between genetic and geographic distance
within the tick-borne flaviviruses. Our results
provide us with a unique model with which to
study the distribution and evolution of viruses
in the natural environment.

Epidemioclogy of LI infections
Sheep are regarded as the major amptifying
hosts of LI virus in certain regions of the UK.
Acaricides and vaccines are used to control
ticks and LI virus infections of sheep.
However, the virus causes high mortality
amongst grouse populations on upland
estates in Scotland. A one tube method has
been developed to identify the presence of
Li or TBE viruses in tick samples. It involves
reverse transcription (RT) and polymerase
chain reaction (PCR) using the RNA in LI or’
TBE virus-infected ticks. Individual virus
species are identified within 48 hours of
collecting the field sample. Iri parallel
investigations, we have produced,
characterised and used monoclonal
antibodies with defined specificity to identify
LI virus antigen in the same tick samples.

Classically, Louping ill is a major problem in
the upland sheep grazing regions of
Scetland, Northerm England, as well as Wales
and south-west England. This is largely
because sheep are irnportant in sustaining
tick populations and because they produce
large quantities of virus which are
transmitted to ticks when they take a
blocdmeal. Our research has shown that
other vertebrate hosts are also involved.
Using procedures described above, we have
demonstrated that ticks removed from
mountain hares in LI virus enzootic areas in-
Scotland are infected with the virus.
Experimental evidence has been obtained
that the'mountain hares can transmit L] virus
between ticks as tﬁey co-feed even in the
presence of neutralizing antibody.
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Virus Protein Functions

IM Jones

Virus life cycles are intricate and invelve a
cascade of evenis that ultimaiely leads to the
generation of new virus particles. In such
infettions, the contribution of any one viral
protein 1o the overall process is often difficult
to assess because subsedquent effecis are not
necessarily associated with the primary
function of the protein. In many cases much
can be learnt by the production of the target
protein in isolation. The baculovirus
expression system has been widely used for
this purpose. In this group we seek 1o
develop further and exploit the baculovirus
system to understand the functions of virus
proteins in areas of virology that are
important, scientifically challenging and
potentially exploitable; By dissecting the
molecular basis of virus protein function, the
rational design of vaccines and antiviral
drugs becomes possible.

New vectors for old problems
Recombinant baculoviruses continue to be
widely used for the expression of proteins of
commercial and academic importance. The
proteins are expressed in insect cells
following infection with a recombinant
baculovirus and may be harvested after two
or three days of infection. For many proteins
the level of expression is such that
purification of the protein is easily achieved
and with a high yield. However, in cases
where protein expression is sub-optimal,
purification of sufficient protein is often a
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major hurdle. To overcome this problema
set of novel baculovirus exprassion veciors
that Incorporate affinity tags to provide a one
step purification procedure have been
developed. One affinity tag is glutathione-S-
transferase (GST) which has a high affinity for
reduced glutathione. Recombinant proteins
fused to GST are purified on an immobilised
glutathione support and eluted in purified
ferm by washing with reduced glutathione.
The vectors devised incorporate a number of
features to aid subsequent manipulation (see

Figure 1).

These include a variety of restriction sites for
the infroduction of cloned DNA fragments, a
site-specific protease cleavage sequence
situated between the GST domain and the
cloned protein to allow removal of the affinity
tag following protein purification, and the
addition of a glycoprotein signal sequence at
the amino terminus of GST to facilitate

secretion of the fusion protein from infected

insect cells. Anexample of the efficiency of
the new vector system is shown in Figure 2
where, with support from the Medical
Research Council, the major surface
glycoprotein of HIV has been expressed as a

Flow Chart for tagged protein

1) Harvest infected cells at 2-3 days
post infection.

2) Remove debris by centrifugation

» Apply clarified supernatant to |
column of glutathione-agarose

4 Wash column to remove
non-specific binding proteins

3) Elute column with free reduced
glutathione

6) Analyse eluted proteins by gel
electrophoresis

Single band
purity in a
single step

— - ——

g

Figure 1: The genetic map of transfer vector pAcGET,
Genes cloned inlo the polylinker site are fused to the
protein GST and can be purified in a single step from
insect cells as shown in Figure 2.

Figure 2: A lypical flow chart for the purification of a GST
fusion protemn produced by the transfer vectors descnbed
in Figure I'and a typical gel analysis of the result showing
a homogensous preparation of purified protein.




fusion with GST and purified in a single step
from the supernatant of infected cells. The
complete protocol can be completed within a
day, far faster than by other procedures,
Since no harsh conditions are employed, the
proteins maintain their full biological activity.
The vectors and the products produced by
them have been licensed to a number of
biotechnology companies for sale.

HIV virus assembly

As the causative agent of AIDS, HIV continues
to be a major focus for virus research
worldwide. One area of premise for
therapeutic intervention is virus assembly.
With support from the Medical Research
Council, recombinant baculoviruses have
been developed to study the process of HIV
assembly. The expression of the major virus
structural protein (Gag) leads to assembly of
a virus-like particle (VLP) similar in size and
morphology to the authentic HIV virion
(Figure 3). Mutation of the gag gene followed
by re-expression of the miutant protein has
permitted us to generate a physical map of
the residues that are important for VLP
assembly. An example is shown in Figure 4
where four amino acid residues within the
17 domain of the gag gene have been
changed: cysteine-57 to serine; leucine-64 o
alanine; leucine-78 to alanine; cysteine-87 to
serine. Analysis of the VLPs produced in
infected insect cells following expression of
these mutants demonstrated that the identity
of two of these four amino acids is critical for

3 Heaee A= o S pi=til
Figure 3 Electron micrographs of the production of HIV
VLPs in insect cells following expression of the major core
protein Cag pé8 using recombinant baculoviruses. The
ceils were visualised at two days post-infection. The main
panel shows a section through an infected cell with many
VILPs budding throtgh the cell plasma membrane whilst
the insef shows a scan ol the cell surface,
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the process of VLP assembly. The three-
dimensicnal structure of this section of the
Cag protein is available and shows the
critical residues are located in a single alpha
helix cn one side of the molecule (Figure 5).
It is likely that helix-helix interactions occur
between monomer molecules that lead to the
ordered assembly of subunits required to
form a VLP. Further use of this system to
complete the map of residues important for
virus assembly will allow this hypothesis to
be confirmed.

Unmutated Gag p55

Gag with amino acid changes at Leu
78 and Cys 87

Gag with amino acid changes at
"~ Cys57and Leu 64

Figure 4. Analysis of Gag p55 mutanis. Infected cells
were fixed at two days post-infection and processed for
electron microscopy. The figure represents typical fields
observed for each rutant. Neither Cys 57 or Leu 64
showed evidence of VLPs forming, instead, a layer of Gag
antigen was present beneath the membrane. Mutation at
Leu 78 and Cys 87, had no effect on particle formation.

Leucine 78

Cysteine 87

%

Cysteine 57 / i

Leucine 64

Figure 5: The three-dimensional structure of the pi7
domainof Gag pS5 showing the location of the mutations
that inactivate VLP assembly.



Tick-borne Pathogens

P A Nuttall

The mission of the group is to define the
interactions between ticks, veriebrate hosis
and the pathogens (viruses and bacteria)
they transmit. The resulis are used to
develop diagnosiic tests, risk assessmesnts,
therapeuiic reagents-and vaccines.

Tick-borne virus ecology and
evolution

With support from a NERC Special Topic
studentship and in collaboration with ITE
Banchory, we are examining the effect of
ticks and tick-borme viruses on seabirds
breeding on the Isle of May, Scotland. The
most abundant seabird tick is the ixodid
species, Ixodes uriae, Eighteen orbiviruses
have been isolated from 219 individually-
examined ticks. Each isolate is unique in that
it shows a distinct gel migration pattern of the
10 double-stranded RNA segments
comprising the viral genome. The
remarkable degree of genetic variability
suggests either a high rate of evolution of
tick-borme orbiviruses on the island, or a
high degree of recruitment of such viruses
from other seabird colonies via infected
seabirds or seabirds cartying infected ficks.

With support from the European
Community joint studies with groups in

Figure 1. Schematic diagram showing a tick attached to
the skin of its host and the substrates on which the tick
feeds. Products secreted by the tick into the feeding sile
facilitate the uptake of blood and modulate the host
imimune response.

Senegal and Greece revealed a similar
situation for Crimean-Congo haemorrhagic
fever (CCHF) virus. This zoonotic tick-bome
virus is found in Africa, Asig, and Europe. A
dendrogram based on sequence analyses of
the small viral RNA segment showed the
Creek isolate to be the most genetically
divergent, indicating ecological isclation. In
contrast, isolates from Africa and Asia were
mmter-related suggesting gene flow which
may result from virus dissemination via
birds, a primary host of the tick vectors of
CCHF virus.

Role of tick saliva in virus
transmission

During the prolonged feeding period of ticks
on their hosts, bicactive proteins are
secreted in tick saliva to facilitate the uptake
of blood (Figure 1). Several tick-transmitted
viruses exploit the effects of these salivary
gland components to promote virus
transmission. In collaboration with groups in
Slovakia and Japan and with support from
Pitman-Moore Ltd, we have investigated
the mechanism of this "saliva-activated
transmission” (SAT). Our studies have shown
that salivary gland products suppress natural
killer cell activity, reduce mRNA expression
of nine different cytokines, and bind to host
IgC. Such powerful immunomodulatory
effects of ticks at the skin site of tick feeding
may aid virus fransmission by inhibiting the
local host immune response o virus
infection.

Ecology and bio-diversity of
Borrelia burgdorferi

B. burgdorferi sensu Iato is the causative
agent of a borreliosis that affects humans and
certain domesticated animals in Europe and
North America (e.q., Lyme disease). Small
mammals are considered to be the principal
natural host of this tick-bome spirochaete
and confrol measures have been designed
accordingly. Our combined studies with the
University of Oxford showed that, m UK
woodland habitats, grey squirrels and
pheasants are more important than field mice



and bank voles as hosts of B. burgdorferi. The
ecological diversity of the spirochaete in the
UK is reflected in the apparent bio-diversity
of the organism. Supported by the Health
and Safety Executive we showed by
comparisons of chromosomal
macrorestriction fragments that greater
gimilarity exists between two so-called
"genospecies' of European Borrelia
spirochaetes than between three UK isolates
(two from the New Forest region and one
from Thetford Forest). Whether the vaccines
being developed from American and
continental European isolates will be
efficacious against the UK species will need
to be determined.

Screening over 400 tick samples supplied by
an ad hoc group of collectors across the UK
and using a polymerase chain reaction
protocol that has been established to identify
B. burgdorferi in tick extracts, has confirmed
that Ixodes ricinus, the common sheep tick, is
the most important potential vector of the
pathogen in the UK (Figure 2). Other tick
species, including the hedgehog tick

(I hexagonus) and the seabird tick (/. uriae)
can also be infected (Figure 2). The
distribution of ticks identified as harbouring
B. burgdorferiis being mapped in
collaboration with the Biological Records
Centre, ITE Monkswood..
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Fig.1 Geographical distribution of ticks PCR positive for
Borrelia burgdorferi
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Figure 2: Distribution of ticks infected with B. burgdorferi
spirochaetes as defermined by the polymerase chain
reaction.



Molecular Biology of
Baculoviruses

R D Possee

The questions under study are how
baculoviruses replicate in insect cells and,
using genetic engineering, how this may be
exploiied 1o develop improved insecticides
and the baculovirus expression systen.
Baculoviruses are insect-specific pathogens
that may be used both as biclogical
pesticides to replace chemical agents, and as
vectors for the expression of foreign genes.
Underpinning the work are efforts to
understand baculovirus gene function with
the aim of producing improved, genetically
engineered virus insecticides and more
efficient expression vectors. Selected
examples of these applications are
presented below.

From genotype to phenotype: a
case study

We have recently determined the complete
nucleotide sequence of the baculovirus,
Autographa californica nuclear polyhedrosis
virus (AcNPV) (Ayres et al, 1994, Virology
202: 586). This now provides a base to
understand the genetics of an insect-specific
pathogen. Comparison of the virus genes

Figure I: Liquefaction of virus-infected cells. Trichoplusia
ni larvae infected with: (right) unmodified AcNPV;

(fefi, iop to bottom), AcNPV lacking both chitinase and
cathepsin genes; AcNPV lacking the cathepsin gene;
AcNPV lacking the chitinase gene; uninfected larva. Note
the general disintegration of the insecls In the fop row in
contrast with the retention of structural integrily of insecis
infected with the virus mudants in the bolttom row.

with existing sequence libraries (GENBANK
and EMBL) has identified a number of genes
with similarities to those of other organisms.
An example is an AcNFV chitinase gene and
another with similarity to a cysteine protease.
Deleting either or both genes from AcNPV
has shown that they dictate whether or not a
virus-infected caterpillar liquefies after death
(Figure 1). The iquefaction process aids
release of virus from the cadaver and
increases the opportunity for the virus to
spread the infection to other caterpillars.

Using “genetic switches” to
control baculovirus gene
expression

While some virus genes can be directly
meoedified or simply deleted from the
baculovirus genome without affecting virus
replication, alteration of essential virus genes
is not as straight-forward. With support from
Pfizer Ltd we have developed methods
which circumvent this problem. Inducible
genetic elements or “genetic switches'' from
bacteria have been introduced into the
AcNPV genome to study the regulation of
virus genes. In this system the expression of
such genes is now only possible when a
chemical inducer is present in the virus-
infected cells. Removal of the inducer turns
off expression. This system permits detailed
analysis of the functions of such genes. This
work has a valuable application in the use of
baculoviruses as expression vectors of
foreign genes. Foreign gene expression can
be regulated, ensuring that even proteins
toxic to insect cells can be manufactured.

Insect cells commit suicide!

Insect cells recognise that they are infected
by baculoviruses very early in the replication
process (a few hours after infection) and
respond by committing suicide. This inhibits
virus replication. The phenomenon is known
as programmed cell death or apoptosis.
Some viruses, such as AcNPV, counter
apoptosis by expressing genes which




neutralise the suicide mechanism and allow
virus replication to continue, Two AcNPV
genes (p35 and IAP1) have been implicated
in this process to-date by other workers in
the field. Our analysis of the ACNPV genome
has identified a third gene (IAP2). An '
interesting aspect of these observations is
that the expression of the anti-suicide genes
may have a role in determining the host
range of baculoviruses. It has long been a
mystery why baculoviruses can only grow in
a small number of insect species. Early
results, with support from Zeneca
Agrochemicals (Zeneca Ltd), suggest that
it may be possible to limit the host range of
-genetically modified baculoviruses. We are
currently searching for homologues of these
genes in other baculoviruses to confirm their
roles in requlating apoptosis and host range.

Genetically modified virus
insecticides: the next generation
As reported elsewhere, the world leading
research at IVEM has seen the first field irials
with a genetically modified baculovirus
(AcNPV) ¢ontaining an insect-specific
scorpion toxin gene. The work was
supported by funds from Wellcome
Environmental Health (Wellcome
Foundation Ltd), now part of Roussel-
Uclaf S.A. This virus is unsuitable for the
control of some insect pésts, due to its limited
effective host range. We are working in
collaboration with Zeneca Agrochemicals
to develop other insecticides for other insect
pests, including the preparation of
genetically engineered derivatives. Novel
viruses have been isolated in the field and
are now keing characterised in'the
laboratory.



Orbiviruses

P Roy

The research concemns developing an
overall picture and understanding of the
virus assembly and morphogenetic
pathways of selected complex RNA viruses
of wild-life and veterinary importance using
experimentally manipulated viral genes and
gene expression systems. To achieve these
goals novel baculevirus multiple gene
exprassion vectors have been developed.
The viruses under study include bluetongue
virus (BTV), African horse sickness virus
(AHSV) and epizootic haemorrhagic disease
virus (EHDV) of deer. The analyses have
imvolved X-ray crystallography of viral
proteins {in collaboration with Dr D [ Stuart,
Oxford University), cryoelectron microscopy
of viruses, their cores and morphological
intermediates (in conjunction withDr TF
Booth and others), in addition to gene and
protein engineering.

Development of baculovirus
dual, triple, quadruple and
quintuple expression vectors

To facilitate co-expression of the genes
required to form surrogate virus ¢cores and
vinons, multigene transfer and expression
vectors have been prepared to co-express,
two, three, four, or five foreign genes from
the same recombinant virus. Certain of the
transfer vectors have been licensed for sale
by commercial companies.

Assembly of BTV multiprotein
capsids

The BTV particle (84nm in diameter) contains
T structural proteins organised into 2 protein
shells and consisting of 4 layers. The
irmermost shell (the core) is icosahedral and
involves VPT (38 kDa, outer layer, 260
trimers) and VP3 (103 kDa, inner layer, 24
peniamers) that encapsidate the 10-segment,
double-stranded (ds)RNA genome and 3
minor proteins: VP1 (150 kDa), VP4 (76 kDa},
and VP6 (36 kDa). In virus particles the core
1s enclosed by an outer protein shell
containing VP2 (110 kDa outermost, 180
copies) and VPS5 (59 kDa innermost, 120
copies).

Each BTV dsRNA segment, except 510,
encodes a single polypeptide. In addition to
the 7 structural preteins, there are 4 non-
structural {NS) proteins, NS1, NS2, NS2 and
NS3A, that are made in BTV-infected cells. Of
these, N53 and NS3A are two related
products of the S10 gene. cDNA clones
representing all 10 dsRNA species of one
BTV serotype (BTV-10) and those of certain
other BTV serotypes, AHSV and EHDV have
been prepared and expressed using
baculovirus vectors to allow the attributes of
the encoded proteins to be defined.

Using baculovirus multigene expression
veciors BTV core-like particles (CLPs, VP3,
VPT; including combinations with the minor
proteins) have been prepared and analysed.
Further, virus-like particles (VLPs) containing
VP2 and VPS in addition to the CLP proteins,
have been made and characterised (see the
Virus Ultrastructure Report).

The system has been exploited to investigate
protein-protein interactions by creating
mutant forms of selected BTV proteins, and
by investigating their involvement in CLP and
VLP agsembly. For example, a series of
deletion, extension, substitution and site-
directed mutants of VP7 have been made.
and analysed. Among other results, the data
have shown that a single lysine residue in
VPT (K,..): that is conserved among BTV
serotypes, is obligatery for CLP formation.
The various results have been correlated
with the atomic siructure of VP? (see below).
Similar studies have been conducied with
VP3. The work has been supported by grants
from the Medical Research Council.
Apart from the structural studies, a number of
additional investigations have shown that
both VPT and VP3 proteins are suitable for
the formation of chimaeric CLPs that provide
a foreign immunogen delivery system.

The immunogen delivery work has been
supported by grants and contracts from

the European Community and QOravax
Inc.



Three-dimensional structure of
BTV VPI trimezrs at the atomic
level

The three-dimensional structure of
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proteins. Each VPT itoft
molecule (Figure 1) consists of two domains,
one representing the top and composed
principally of B-sheets, the other, located
underneath, involving mainly a bundle of «
helices. Each subunit has a short C-erminal
arm which may tie rimers logether during
capsid formation. A concentration of
methionine residues and other groups
suggests that greasy lubrication may
facilitate VPT interactions in the trimers. This
work is supported by grants from the
Medical Research Council and the
Agriculture and Food Research Council
(now BBSRC).
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Mapping functional domains of
the non-structural proteins

The cytoplasm of BTV infected cells is
characterised by the presence of large
numbers of fibrillar virus inclusion bodies
(VIBs) composed of the 41 kDa NSZ protein,
as well as virus-specific tubules composed of
multiple copies of the 64 kDa NSI protein.
Using protein engineering and baculovirus
expression vectors, certain amino acids and
sequences responsible for NS1
polymerisation have been identified using
deletion and site-directed mutagenesis. The
use-of chimaeric NS1 to act as an immunogen
delivery systems involving easily-purified
tubules is under investigation.

The BTV NS2 protein is mvolved in the
recruitment of viral mRNA transcripts for
encapsidation and formation of the viral
dsRNA genome. Domains and specific

Figure 1. In the top pane

residues of the protein that are important in
this function and those that are involved in
oligomerisation have been identified by
deletion mutagenesis and RNA binding
studies.

Using a T7 mammalian transient expression
system we have demonstrated that the NS3/

NS3A proteins (24 to 26 kDa) are

glycosylated and further modified by
heterogeneous extension to




polylactosaminoglycan forms. The proteins
are associated with cellular membranes and
involved in the budding and extrusion
processes of BTV from virus infected cells.
Different aspects of the work on NS proieins
are supported by grants from the Medical
Research Council, the Agriculture and
Food Research Council (BBSRC) and
Oravax Inc.

Protective immune responses of
baculovirus expressed BTV and
AHSV proteins, VLPs and CLPs
We previously demonstrated that
baculovirus-expressed BTV VP2 alone elicits
neutralising antibodies in sheep and '
provides proiection against virulent
challenge by the homologous virus. Since
VLPs elicit higher titers of neutralising
antibodies in guinea pigs than VP2 alone (or
VP2 and VP5 combinations), VLPs have been
tesied as vaccines for sheep in collaboration
with scientists and support from the
Onderstepoort Veterinary Research
Institute (Republic of Scuth Africa) and, for
trigls in Townsville (Australia), the
Rustralian Woolgrowers Association.
The data have shown that the VLPs provide
superior and long term protection (>15
months) following 2 vaccinations with 10 pg
of VLPs. In certain cases, partial protection
was afforded against challenge by
heterclogous BTV serotypes.

The serotype-specific VP2 protein of BTV
and VLPs is considered to be the main
antigen responsible for mducing virus
neutralising responses in vaccinated animals.
The roles of other antigens in procuring a
protective immune response for BTV, such as
those involving cell mediated responses, are
riot known. To investigate this issue we
initiated a study in sheep using CLPs t0
determine whether they elicit protection,
specifically cross-protection since the VP3
and VPT antigens are highly conserved.
Preliminary data indicate that the CLPs
provided a partial protection in sheep against
homologous and certain heterologous BTV
serotypes, suggesting ithat cellular immunity

may play a role in the overall protection
process.

A candidate vaccine {or AHSV has also been
developed and tested in conjunction with
sclentists and support from the
Onderstepoort Veterinary Research
Institute as well as the Eufopean
Community and the Instituto Nacional de
Investigation Agraria (Spain) and
Immunologia'y Genetica Aplicada S.A.
(Spain). Preliminary data indicate that the
AHSV recombinant VP2 protein eliciis high
neutralising antibodies in vaccinated horses
that should provide protection against virulent
virus challenge. The length of such protection
is currently under study.
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1993 Editor Opportunities for molecular biolegy in
crop protection )

1994 Editor Baculoviruses as expression vectors

Ph.D, D.Phil. THESIS EXAMINER:
USA, UK, France: numerocus; average 3 per year

POSTDOCTORAL AND GR.KDI_IA'I;E STUDENTS (SINCE 1971):
42 Postdoctoral fellows; 26 predoctoral students (Ph.ID, D.Phil).

INVITED SEMINARS AND MEETINGS:

Numerous; Universities and other research organisations throughout the UK and EU countries
and elsewhere including: Algeria, Argentina, Austria, Australia: Brazil, Canada, China, Egypt,
Finland, India, Israel, Japan, New Zealand, Republic of South Africa, Senegal, Slovak Republic,
Sweden, Switzerland, USA, and the former USSR (and CIS); average ca 5 per year.

COMMITTEES (NATIONAI.): )
Since 1984: Numerous; NERC, MRC, SERC, MOD, Univ. Oxford, DT, etc.’

COMMITTEES (INTERNATIONAL):

1975-1979 National Cancer Institute Scientific Review Committee A;

1976-1981 Rhabdovirus Study Croup, International Committee for Taxonomy of
Viruses (ICTV);

1978-1687 Chairman, Bunyaviridae Study Group, ICTV,

1981-1586 WHO Sfudy group on Rift Valley fever;

1982-1987 Chairman, Arenaviridae Study Group, ICTV;

1682-1984 Secretary and Treasurer, American Society for Virology;

1882-1987 Executive Commitiee Member, American Comrnittee ¢n Arthropod-Berne
Viruses;

1982-1987 ViceChairman, Vertebrate Virus Subcommitiee, ICTV, .

1987-present Member, Executive Commitiee of ICTV;

1987-1983 Chairman, Vertebrate Virus Subcommittee, ICTV;

1984-1963 Programme Committee, 6th8th Congresses of Virology;

1994-present Intemational Advisory Committee, 10th Congress Virology;

1890 Chairman Review Board: Laboratoire de Genetique des virus, CNRS;




1993-present Advisory Board, International Union of Microbiology Societies;
1993-present Vice-Presideni, ICTV.

INVENTOR-INVENTIONS-PATENTS: . .
Co-inventor of multiple gene expression vector patents awarded in: Australia, Austria,
Belgium, France, Creece, Germany, Italy, Luxembourg, Netherlands, Republic of South
Africa, Spain, Sweden, Switzerland, United Kingdom; pending in USA, Canada and Japan; co-
inventor patent application cn AcNPV genome.

DESIGNATED SCIENTIST IN LICENCES AND MEMORANDA OF UNDERSTANDING:
Companies include Clontech, Commonwealth Serumn Laboratories, Ingenasa, Oravax, -
PharMingen, Virbac, Wellcome; other organisaticns include: Australian Animal Health
Laboratories, Onderstepeort Veterinary Research Institute, Texas A. & M. Universities
Systems.



TIMOTHY F BOOTH B.Sc., Ph.D.

Project Leader: Virus Ultrastructure Group
(budgei: CR £2k p.a.; SB £20k p.a.)

PERSONAL DETAILS:

Birthplace: Berkeley, CA, USA

Married: Dr S. Thompson (Oxford University)

Family; Samuel, Megan

DEGREES:

Undergraduate:  University of Bath B.Sc. (Hons.) 1981, App. Biol.

Graduate: Thames Polytechnic Ph.D. 1985, Biology

PROFESSIONAL CAREER:

1992 present Group leader, S50, NERC Institute of Virology & Environmental
Microbiology

1987-1992 S50, NERC Institute of Virology & Environmental Microbiology

1585-1887 Postdoctoral fellow, University of British Columbia, Canada

MEMBERSHIP OF PROFESSIONAL SOCIETIES:
Soclety for General Microbiology; American Society for Virology

PUBLICATIONS:
To-date: 28 papers, chapters {etc.) published, 2 in press.

POSTDOCTORAL AND GRADUATE STUDENTS (SINCE 1989):
2 pre-doctoral students (D.Phil.)

INVITED SEMINARS AND MEETINGS:
Universities and scientific méetings in EU countries; USA; average ca 3 per year;

AWARDS
1990 EMBO short-term fellowship




J IAN COOPER M.A., Ph.D.

Project Leader: Plant Virology Group
(budget: CR £5% p.a.;SB£118kpa)

PERSONAL DETAILS:
Birthplace: ~ Tynemouth, England
Married: Audrey C. Cooper
Family: Wendy, Elaine
DEGREES:
Undergraduate:  Durham University B.5c. (Hons.) 1965, Botany
Graduate: University of London M.Se. 1966, Botany
Graduate: “University of St Andrews Ph.D. 1972, Botany
Graduate: University of Oxford M.A. 1916

" PROFESSIONAL CAREER:
1993-1994 Visiting fellow, University of Western Australia (on sabba-_tical léave)
1975-present !Group_’ leader, UGT, NERC nstitute of Virology & Environmental

' Microbiology '

1972-1975 SSO, NERC Institute of Virology & Environmental Microbiclogy
1966-1972 "Postdoctoral fellow, Scottish Horticuliural (Crop) Research Institute-

MEMBERSHIP OF PROFESSIONAL SOCIETIES:
Society for General Microbiclogy; Association of Applied Biologists

'PUBLICATIONS:
To-date: 60 papers, books, chapters (etc.) published, 2 in press.

Ph.D., D.Phil. THESIS EXAMINER:
UK, average | per year

POST-DOCTORAL AND GRADUATE STUDENTS (SINCE 1989):
6 Post-doctoral fellows, S pre-doctoral students (M.Sc., D .Phil, Ph.D.}

INVITED SEMINARS AND MEETINGS: o

Universities and scientific meetings in EU countries as well as elsewhere including Austria,
Australia, Estonia, Canada, China, Finland, Hungary, Poland, Sweden and the USA; average ca
2 per year




JENNIFER S CORY B.Sc., D.Phil.

Project Leadex: Virus Ecology and Biocontrol Group
(budget: CR£21k p.a.;SB£11% p.a)

PERSONAL DETAILS:

Birthplace: London, England

DEGREES:

Undergraduate:  University of Sheffield  B.Sc. (Hons.) 1979, Zoology
Graduate: University of Oxford D Phil. 1984, Entomol.
PROFESSIONAL CAREER:

1991 present Croup'leader, 550, NERC Institute of Virology & Environmenial

Microbiology

1984 1961 -HSO, S50 NERC Institute of Virology & Envircnmental Microbiology

MEMBERSHIP OF PROFESSIONAL SOCIETIES:

Society for General Microbiology; Society for Invertebrate Pathoiogy; British Ecological
Society; Royal Entomological Society; Association of Applied Biologists; Society for Vector
Ecology.

PUBLICATIONS:
To-date: 36 papers, chapters (etc.) published, 3 in press.

"EDITOR, EDITORIAL BOARDS:
1983 Editor Bacillus thuringiensis. An environmental biopesticide.

Ph.D., D.Phil. THESIS EXAMINER:
UK; average 1 per year

POST-DOCTORAL AND GRADUATE STUDENTS (SINCE 19%81):
4 Post-doctoral fellows, 6 pre-dectoral students (D.Phil,, Ph.D))

INVITED SEMINARS AND MEETINGS:

Universities, other research organisations and scientific meetings in the UK and EU countries
as well as elsewhere including Brazil, Canada, Nicaragua and the USA; average ca 4 per year
co-organiser Bacillus thuringiensis 1991:

COMMITTEES (NATIONAL): )
Worldng Group on monitoring GMMs (DOE/ACRE)




ERNEST A GOULD B.Sc., Ph.D.

Assistant Director, NERC Institute of Virology & Environmental Microbiology

Project Leader: Flavivirus Group
{budget: CR £82k p.a,; SB £82k p.a.)

PERSONAL DETAILS:

Birthplace: Redditch, England

Married: Suzanne M. Gould

Family: Kathryn, Richard, Jonathan

DEGREES:

Undergraduate:  University of Liverpool  B.Sc. (Hons.) 1965, Microbiol.

Graduate: University of Liverpcol ~ Ph.D. 1968, Virclogy

PROFESSIONAL CAREER: -

1688-present Assistant Director, UG8, NERC Institute of Virology & Environmental
Microbiology

15891 Acting Director, NERC Institute of Virology & Environmental
Microbiolegy

1578-1988 Senior Lecturer, London University School of Hygiene and Tropical
Medicine

1878-1991 Visiting Professor, University Al Fateh

1870-1979 Lecturer, The-Queen’s University, Belfast

1968-1970 Research Fellow, Birmingham University

'MEMBERSHIP OF PROFESSIONAL SOCIETIES:
Society for General Microbiology; American Society for Virology

PUBLICATIONS:
To-date: 15 papers, chapters (etc.) published, 5 in press.

EDITOR, EDITORIAL BOARDS:

'1890-present Editorial Board Journal of General Virology
1890-present Editorial Board Virus Research
1894 Editor +Epidemiology and Infection

Ph.D., D.Phil. THf:SIS EX.KMINER.:
UK, Eire, Australia, Malaysia, India; average 34 per year

POSTDOCTORAL AND GRADUATE STUDENTS (SINCE 1910):
20 Postdoctoeral fellows and predoctoral students (M.Phil,, M.Sc., D.Phil, Ph.D)

INVITED SEMINARS AND MEETINGS:
Nurnerous; Universities and other research organisations in the UK and EU countries; average
ca 3 per year,

COMMITTEES (NATIONAL): o
Member of HSE Advisory Committee for Dangerous Pathogens
Member of Oxford University Bioresources Comumittee




IAN M JONES B.Sc., Ph.D.

Project Leader: Virus Protein FunctionsAGroup
(budget: CR £140k p.a.; SB £51k p.a)

PERSONAL DETAILS:

Birthplace: Llangollen, Wales

Marmed: Harjinder K. Jones

Family: Kiran, Marc

DEGREES:

Undergraduate:  University of Warwick  B.Sc. (Hons.) 19717, Biol. Sci,

Craduate: University of Reading Ph.D. 1980, Virclogy

PROFESSIONAL CAREER;

1987-present CGroup leader, UG7, NERC Institute of Virclogy & Environmental
Micrebiclogy

1582-1987 Postdoctoral fellow, Sir William Dunn School of Patholegy, University cf
Oxford

1980-1982 EMBO Fellow, Institut Jacques Monod, Paris

MEMBERSHIP OF PROFESSIONAL SOCIETIES:

Society for General Microbiology; American Society for Microbiology; American
Phytopathology Society; International Society for Molecular PlantMicrobe Iiteractions:
(ISMPM),

PUBLICATIONS:
Todate: 48 papers, chapters (etc.) published, 4 in press.

EDITOR, EDITORIAL BOARDS:
1893-present Journal of General Virology

Ph.D., D.Phil. THESIS EXAMINER:
UK, Australia; average 2 per year

POST-DOCTORAL AND GRADUATE STUDENTS (SINCE 1989):
11 Post-doctoral fellows,'§ pre-doctoral students (D.Phit., Ph.D.)

INVITED SEMINARS AND MEETINGS:
Universities and scientific meetings in the UK and EU countries; average ca 3 per year.

COMMITTEES (NATIONAL):
Virus Group, Society for General Microbiclogy (1554-1986)

INVENTOR INVENTIONS
Co-inventor patent on Factor IX protein,




PATRICIA A NUTTALL B.5c., Ph.D.

Project Leader: Tickborne Path‘ogens Group
{budget: CR£8%k p.a.; SB£110kp.a)

PERSONAL DETAILS:

Birthplace: Sheffield, England

Married: "RW. Cragg C.Eng., M.IMech. E., MB.LM.

Family: Amanda, Sophie

DEGREES:

Undergraduate:  University of Bristol .. B.Sc. (Hens.) 1974, Microbiclogy

Graduate: University of Reading ~ Ph.D. 19178, Virolegy

PROFESSIONAL CAREER:

1994-present Group leader, IMP UGS, NERC Institute of Virology & Environmental
Microbiclogy . ‘

1993 Visiting scientist, CSIRO Indooroopﬂly', Australia (on sabbatical leave)

1568-19%94 Group leader, UGY, NERC Institute of Virology & Environmental
Microbiology

1684-1968 Group leader, 5SSO, NERC Institute of Virology & Environmental
Micrébiolog{r

1980-1984 HSO,-NERC Institute of Virology & Environmental Microbiology

1977-1980 Postdoctoral fellow, Edward Grey Institute of Field Ormnithology, Derpt.

Zoology, University cf Oxford.

AWARDS AND HONORS:

1974-1971 Animal Health Trust Scholarship

1977-1980 Junior Research Fellowship, Wolfson Cellege, Oxford
1990-present Senior Research Fellowship, Wolfson College, Oxford

MEMBERSHIP OF PROFESSIONAL AND OTHER SOCIETIES:

American Society for Tropical Medicine & Hygiene; Royal Society of Tropical Medicine &
Hygiene; Society for General Microbiology; European Association of Acarologi'sts; British
Society of Parasitology; Seabird Group; Morgan Sports Car and Morgan Three Wheeler
Clubs.

"PUBLICATIONS: _
To-date: 101 papers, chapters (etc.) published, 8.in press.

EDITOR, EDITORIAL BOARDS:

1990-present Editorial Board Folia Parasitologia

1983-present Editonal Board Transactions of the Royal Society of
‘ Tropical Medicine & Hygiene

1993-present Editorial Board Acta Virclogica

Ph.D, D.Phil. THESIS EXAMINER:
UK, Switzerland: average 23 per year




POST-DOCTORAL AND GRADUATE STUDENTS (SINCE 1984);
8 Post-doctoral fellows; 11 pre-doctoral students (Ph.D, D.Phil))

INVITED SEMINARS AND MEETINGS:

Numerous; Universities and research institutions in the UK and EU countries as well as
elsewhere including: Austria, Australia, Croatia, Czech Republic, Russia, Slovakia, Switzerland
and the USA: average: ca 5 per year. ’

COMMITTEES (NATIONAL):

1983: Society for General Microbiclegy, Convenor "Viruses of Birds™, University
of Warwick" ’

1992-1995 NERC Special Topic in Wildlife Diseases

COMMITTEES (INTERNATIONAL):

1988, 1990,

1992, 1994 Conveneor, European Tick Study Group, Oxford UK -

1889 Cocrganiser, Second International Symposium on Arboviruses in the

) Mediterranean Countries, Dubrovnik Yugoslavia; ’

1952 Programme Commitiee, Fifth Internaticnal Conference on Lyme -
Borreliosis, Arlington, USA,; ' .

1990-present- Bunyaviridae Study Group, International Comhittee for Taxononiy of
Viruses (ICTV). T

1983-present Orthomyxoviridae Study Group, Internaticnal Committee for Taxonomy of

Viruges (ICTV).

INVENTOR-INVENTIONS-PATENTS:
Co-inventor on metazoan vaccines patent.

XX




ROBERT D POSSEE B.Sc., Ph.D.

Project Leader: Molecular Biology of Baculoviruses Group
(budget: CR£14Zk p.a,; SB £66kp.a.)

PERSONAL DETAILS:

Birthplace: Canterbury, England

Married: Dr Linda A. King (Oxford Brockes University)

Family: Simon, Daniel

DEGREES:

Undergraduate:  University of .
Birmingharmn B.Sc. (Hons.) 1978, Biol. Sci.

Graduate; University of Warwick  Ph.D. 1682, Virology

PROFESSIONAL CAREER: )

1994 Visiting fellow, Dept. Genetics, Universiiy of Georgia, Athens, GA,

USA (on sabbatical leave)
1990-present Group leader, UGT, NERC Institute of Virclegy & Environmental

Microbiology
1984-1990 Group leader, H30, S50, NERC Institute of Virology &
_ ~ Environmental Microbiology
1981-1584 Postdoctoral fellow, HSO, NERC Instiute of Virology &

Environmental Microbiology

MEMBERSHIP OF PROFESSIONAL SOCIETIES:
Society for General Microbiology; American Society for Microbiology; American Society for
Virolegy; Biochemical Society; Society for Invertebrate Pathology.

PUBLICATIONS:
To-date: 71 papers, chapters (eic.) published.

EDITOR, EDITORIAL BOARDS:
1988-present Virology
1989-1992 Journal of general virclogy

Ph.D., D.Phil. THESIS EXAMINER:

UK; average 1 per year

POST-DOCTORAL AND GRADUATE STUDENTS (SINCE 1989):
8 Post-doctoral fellows, 8 pre-doctoral students (D.Phil., Ph.D.)

INVITED SEMINARS AND MEETINGS:
Universities, other research crganisaticns and scientific meetings in the UK and EU countries
as well as elsewhere including Argentina, Switzerland, and the USA; average ca 5 per year.

COMMITTEES (NATIONAL):
1990-present Baculoviridae Study Group, International Committee for Taxonomy of
Viruses

INVENTOR-INVENTIONS-PATENTS
Co-inventor for genetically engineered baculovirus insecticides patent; co-inventcr patent
patent applicaticn on AcNPV genome.

RWVZN



POLLY ROY M.Sc., Ph.D.

Project Leader: Orbivirus Group
(budget: CR £452k p.a.)

PERSONAL DETAITLS:

Birthplace: Calcuita, India

Married: Prof. D.H.L. Bishop

Farnily: Alexander B.Sc.

DEGREES:

Undergraduate: - University of Calcutta ~ B.S¢. (Hons.) 1961, Botany

Graduate: University of Calcutta M.Sc. 1664, Biochem.

Craduate: New York University PhD. 1871, Virology

PROFESSIONAL CAREER:

1950-present Senior Research Scientist, Laboratory of Mélecular Biophysics,
Uni\'fersity of Oxford

1985-1990 Senior Scientist, Dept. Plant Sciences, Oxford University and NERC
Institute of Virology & Environmental Microbiology

1985-present ‘Professor, Dept. International Health Science, UAB, USA

1984 Visiting Scientist, Sir William Dunn School of Pathology, Oxford Univ

1981-1985 Associate Professor, Department of Environmental Health, UAB, USA

1977-1981 Assistant Professor, Department of Environmental Health, UAB, USA

1975-1977 Research Fellow, Department of Microbiology, UAB, USA

1971-18175 Research Associate, Waksman Institute of Microbiology, Rutgers

University, USA

AWARDS AND HONORS:

1959-1963" D.P.L Scholar {India)

1964-1966 PLA480 Fellow (India)

1972 Founders Day Award, New York University
1951 Fellow of the Indian Virological Society

MEMﬁEkSMP OF PROFESSIONAL AND OTHER SOCIETIES:

American Soc1ety' for Virology; Society for General Mlcroblology American 8001ety for
Mlcroblology Sigma Xi; American Association for the Advancement of Science; Europea.n
Society for Veterinary Science; New York Academy of Science; American Society of Tropical

Medicine and Hygiene.
PUBLICATIONS:
To-date: 160 papers, chapters (etc.) published, 12 in press.

EDITOR, EDITORIAL BOARDS:

1994-present Editorial Board Journal of General Virology
1993-present Editorial Board Indian Journal of Virology

1086 Co-editor ‘Orbiviruses and Birnaviruses
1978 Co-editor Current Topics in Microbiology

XXix




" Ph.D. THESIS EXAMINER:
USA: average 1-2 per year

POSTDOCTORAL AND GRADUATE STUDENTS (SINCE 1971):
51 Postdoctoral fellows; 20 predoctoral students (Ph.D, D.Phil.)

INVITED SEMINARS AND MEETINGS:

Numerous, Universities and cther research crganizations throughout the EU countries and
elsewhere including: Canada, China, India, J[apan, Repukblic of South Africa, Switzerland, USA,
and the former USSR (and CIS); average: ca 5 per year.

COMMITTEES (INATIONAL):
1994-present BBSRC Plant and Microbial Science Cormmittee

COMMITTEES (INTERNATIONAL):
1991 QIE: Bluetongue Diagnostics and Vaccines
1992-19584 Co-crdinator: Biotechnolegy and Vaccine Delivery (EEC)
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Institute of Virology and Environmental Microbiology
Mansfield Road, Oxford, OX1 35R
Telephone: (01865) 512361 Fax: (01865) 59962
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