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These days the study of a disease of rabbits,
such as myxomatosis, would not be
regarded as a suitable subject for research in
a medical research institute; such research
would be done in a veterinary department or
institute.  However, at the time it was initi-
ated, and indeed throughout the intensive
study, there were no virologists in such
places, and the emphasis in the ANU was on
curiosity-driven research.  It was apparent
within the first few years that the co-evolu-
tion of virus and host in myxomatosis pro-
vided a model for the evolution of infectious
diseases in general.

The wild European rabbit was intro-
duced into Australia in 1859 and by 1870 it
had become a major pest; indeed, it has long
been Australia’s worst agricultural pest and
it is now clear that it also caused severe

environmental damage.  A lethal disease of
rabbits called myxomatosis had been dis-
covered in South America in 1896.
Between 1936 and 1943 scientists in CSIR
(the precursor of CSIRO) had demonstrated
the extreme host specificity of myxoma
virus and had made experimental introduc-
tions into wild rabbits in Australia, but these
trials were discontinued because of the war.
In 1949, with the establishment of a
Wildlife Survey Section in CSIRO, headed
by zoologist Francis Ratcliffe, efforts were
resumed and in the summer of 1950–51 the
disease spread over the Murray-Darling
basin, killing millions of rabbits.  There
were no virologists in CSIRO, and indeed
no virologists in Australia at that time
except in the Walter and Eliza Hall Institute,
where Frank Fenner, as Professor of Micro-
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Microbiology was a recognized field of study in the School from the time of Frank
Fenner’s appointment as Professor and Head of the Department of Microbiology in
July 1948.  During this period research was focussed on animal virology.  With the
appointment of Gordon Ada as Head of Department in 1968 (to 1987), virological
studies continued but additional emphasis was given to the immunology of viral
infections (see Chapter 13, Immunology).  When the divisional structure was intro-
duced in 1989, the Department of Microbiology was absorbed into the Division of
Cell Biology (from 1995, Immunology and Cell Biology).  During the period
1948–88 the prime interest of almost all staff associated with the Department was
virology, which is the focus of 13 of the 14 essays in this Section.  The majority
describe work done before the divisional structure was introduced; since then viruses
have been used principally as useful agents for studying problems in immunology.

Myxomatosis

by Frank Fenner



biology in the John Curtin School, had been
provided with two laboratories.  In February
1951 he decided to make the investigation
of myxomatosis a major project in his
Department.

During the next few months he
employed Gwendolyn Woodroofe and Ian
Marshall (see p. 399) as research assistants
and commenced laboratory investigations
that continued until 1965, during which
both of his colleagues gained PhD degrees
and rose to tenured positions in the Depart-
ment.  In the laboratory the team studied the
pathogenesis of the disease, active and pas-
sive immunity, vaccination with fibroma
virus, the classification of the virus and rela-
tions between viruses of the family Lep-
oripoxviridae.  Marshall demonstrated that
high environmental temperatures moderated
the severity of the disease and low tempera-
tures greatly exacerbated its severity.  In
collaboration with Max Day of CSIRO
Entomology, they studied the mechanism of
transmission by mosquitoes, and showed
that in contrast to arboviruses, in which the
virus multiplied in the vector, transmission
of myxomatosis was mechanical – mosqui-
toes were ‘flying pins’.

In collaboration with ecologists of the
Wildlife Survey Section, notably Ken
Myers, they studied outbreaks in several
parts of eastern Australia.  At Lake Urana,
located in the Riverina 260 kilometres west
of Canberra and one of the intensively stud-
ied field sites, they established that the case-
fatality rate in the initial outbreak exceeded
99%.  However, after survival of the at a
low rate of spread disease through the win-
ter, the case-fatality rate in laboratory rab-
bits caused by virus strains isolated from a
spontaneous outbreak in the spring was only
90%.  Using virus extracted from tumour
material provided by field workers in south-
eastern Australia and later in the United
Kingdom (where an outbreak due to a dif-
ferent strain of myxoma virus had been ini-
tiated in 1953), they studied the progressive
changes in virulence over periods of several
years by testing in laboratory rabbits virus
from several hundred samples obtained
from wild rabbits.  Having found that within
one year of its introduction there were
enough survivors to allow selection for
resistance to occur in their offspring, for
several years they collected dozens of
young rabbits from Lake Urana each spring,
before the myxomatosis season.  These
were brought to the laboratories in Can-
berra, raised until they had lost maternal
antibody, and their genetic resistance tested
by the inoculation of a small dose of the
‘90% lethal’ virus, samples of which had
been stored in liquid nitrogen.  The rabbits
became progressively more resistant.  While
virulence, as judged by the reactions of
genetically unselected laboratory rabbits to
the inoculation of small doses of virus,
remained stable at an intermediate level
(70% to 90% lethality) for many years, later
it slowly increased in parallel with the
increasing resistance of the rabbits.  The
critical question was: what combination of
virus virulence and rabbit resistance will
best ensure transmission?  The results of
this vast natural experiment are widely
accepted as the best available example of
the coevolution of a virus and its vertebrate
host.
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Figure 1. Initial transect counts of 5,000 rabbits on
the sandy shores of Lake Urana were reduced to
50 within six weeks of the release of 100 infected
rabbits (>99% case-fatality rate).  During winter
and early spring the population grew to 500 by
breeding and immigration and in November a
spontaneous outbreak occurred which reduced
the population to 50 (90% case-fatality rate,
confirmed in laboratory rabbits).
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In 1960 Marshall, while working on
arboviruses in California during his first
period of study leave, was able to collabo-
rate with David Regnery of Stanford Uni-
versity in an investigation of a different
strain of myxoma virus that was endemic in
the Californian brush rabbit (Sylvilagus
bachmani), in which it produced only a
small fibroma.  The disease could be trans-
mitted by mosquitoes probing through this
fibroma to other brush rabbits and to Euro-
pean rabbits, producing a uniformly and
rapidly fatal disease in the latter.  The extent
of the coevolution of the Californian virus
and the brush rabbit was demonstrated by
the fact that although mosquitoes which had
probed through a brush rabbit fibroma

would produce a lump in the skin when they
bit each of four other species of Sylvilagus
rabbits, these lesions did not contain enough
virus to enable probing mosquitoes to trans-
mit infection to other animals, even to the
highly susceptible European rabbit.

Fenner summarized the results of the
Australian work, and also information that
he had obtained on the European outbreak
when on study leave in Cambridge in a book
written in collaboration with Ratcliffe.
Much later, in collaboration with
Bernardino Fantini, a Swiss authority on the
history of medicine, he updated this book
and looked comprehensively at the biologi-
cal control of vertebrate pests.

Figure 2.  The appearance of susceptible rabbits infected with strains of myxoma virus of differing
virulence as a result of continuing evolution or laboratory manipulation (D).  A. Original strain (>99%
case-fatality rate).  B.  Case from second outbreak at Urana (90% case-fatality rate).  C.  Field strain with
about 60% case-fatality rate.  D. Laboratory strain of very low virulence obtained after intracerebral
inoculation of rabbit (neuromyxoma strain of Hurst).

Further Reading

Fenner, F. and Ratcliffe, F.N. (1965).  Myxomatosis.  Cambridge University Press, Cambridge.
Fenner, F. and Fantini, B. (1999).  Biological Control of Vertebrate Pests.  The History of

Myxomatosis – an Experiment in Evolution.CABI Publishing, Wallingford.
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Research on influenza virus was the focus
of almost all work at the Walter and Eliza
Hall Institute when the Department of
Microbiology was given laboratory space
there in 1950–52.  Early in 1952 Stephen
Fazekas de St Groth, a Hungarian-born
virologist who had worked on influenza at
the Hall Institute for five years, joined the
staff of the Department of Microbiology as

a Senior Research Fellow.  He developed an
accurate method of titrating influenza virus
and antibodies using fragments of allantois-
on-shell, and with graduate students David
White, Kevin Lafferty and Robert Webster
pursued studies of incomplete influenza
virus and the immunology of murine
influenza.  Fazekas also introduced the use
of Coomassie Blue for staining gels.

Gwendolyn Marion Woodroofe, OAM (1918–).
After graduating BSc (Hons) at the University of
Adelaide in 1940, Woodroofe gained a MSc
degree in bacteriology before joining the
Department of Microbiology of JCSMR in 1951 as
a research assistant, to work on myxomatosis.
She later became a Research Fellow, gaining a
PhD degree in 1962, and then a Fellow until her
retirement in 1978.  She played a major role in
laboratory investigations of myxomatosis
between 1951 and 1966, when she went to work
with Ian Marshall on arboviruses.  After retirement
in 1978 she became deeply involved with
community activities, especially with UNICEF,
work for which she was awarded a Medal of the
Order of Australia in 1997.
The photograph, which shows examination of the
chorioallantoic membrane of developing eggs for
pock-counting, illustrates the way viruses were
handled in the laboratory in the early days, on the
open bench and without gloves.

Neutralization of Influenza V irus by Antibody

by Frank Fenner

Further Reading

Fazekas de St Groth, S. (1962).  The neutralization of viruses.  Advances in Virus Research, 9, 1-
116.

Fazekas de St Groth, S.N.E.E., Webster, R.G. and Datyner, A. (1963). Two new staining procedures
for quantitative estimation of proteins on electrophoretic strips.  Biochimica et Biophysica Acta,
71, 377-391.
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In 1958 Graeme Laver was appointed as a
Research Fellow and began work on the
chemistry of the surface proteins of
influenza virus, the haemagglutinin (HA)
and the neuraminidase (NA).  Having
shown that with influenza virus (in contrast
to Newcastle disease virus) these activities
were located on different molecules, he and
Robert Webster began an investigation of
the way in which these changed during the

extensive antigenic variation this virus
undergoes.  The initial discovery, from
which most subsequent discoveries
stemmed, was that particles of influenza
virus could be disrupted by detergents much
more extensively than by ether, the reagent
then used in influenza laboratories world-
wide.  This led to the production of the first
commercial influenza subunit vaccine (most
influenza vaccines now are subunit vac-

Left Stephen Nicholas Emery Egon Fazekas de St Groth (1919–) was born in Hungary and migrated to
Australia in 1947.  He worked for five years on influenza virus at the Walter and Eliza Hall Institute before
being appointed a Senior Research Fellow in the Department of Microbiology.  He continued to work on
influenza, using his considerable mathematical skills to elucidate mechanism of virus neutralization by
antibody.  In 1960 he rose to be a Personal Professor and was elected a Fellow of the Australian
Academy of Science.  In September 1965 he resigned to move to CSIRO in Sydney.

Right Robert Gordon Webster (1932–) graduated MSc at Otago Univerity in 1957 and  PhD at JCSMR
in 1962 and has worked on influenza virus ever since.  He was appointed a Research Fellow in the John
Curtin School in 1964 and rose to be a Senior Fellow in 1970, but then moved as a Professor to St Jude
Children’s Research Hospital in Memphis.  He is now regarded as the world authority on the natural
history of influenza viruses and has continued a very productive collaboration with Graeme Laver.  He
was elected a Fellow of the Royal Society in 1989 and a Member of the US Academy of Sciences in
1998.

The Structure of Influenza V irus Antigens

by Graeme Laver
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cines) and to the isolation, for the first time,
of pure preparations of the HA and the NA.
This enabled Laver to demontrate, by elec-
tron microscopy, the morphology of the HA
and NA.  At the time antigenic drift in
influenza virus was thought to be due to the
rearrangement of a large number of differ-
ent antigens on the surface of the virus, both
quantitatively and spatially.  This idea was
shown to be incorrect when HA molecules
isolated from variants selected under anti-
body pressure were analysed and shown to
have single amino acid sequence changes
which obviously resulted from mutations in
the viral RNA.

For many years the mechanism of anti-
genic shift, in which ‘new’ pandemic
viruses suddenly appear in the human popu-
lation, was a complete mystery.  Peptide
maps of the HA from the H3N2 virus, which
caused the 1968 Hong Kong influenza pan-
demic, then showed that this HA came from

a duck or horse influenza virus while the
NA was from the ‘old’ Asian H2N2 strain,
suggesting that genetic reassortment
between human and animal influenza
viruses could result in viruses with viru-
lence for man and the antigens of the animal
virus to which the population had no immu-
nity.

Field trips by Laver, Webster and their
colleagues to islands on the Great Barrier
Reef resulted in the isolation of a number of
avian influenza A viruses, some of previ-
ously unknown subtypes.  The discovery
that healthy wild sea birds, remote from
human habitation, carry many influenza A
viruses was followed by Webster’s discov-
ery that wild ducks on the Canadian lakes
are one of the main reservoirs of influenza
A virus in nature.  The Reef trips also
yielded a virus with a new NA subtype, N9,
and it was later found that the N9 neu-
raminidase gave the best crystals of any
influenza NA so far examined; they have
been used world-wide in the rational design
of NA inhibitors as antiviral agents.

Influenza N2 neuraminidase was first
crystallized in 1978 and this led to the deter-
mination by CSIRO scientist Peter Colman
of its X-ray crystal structure, which showed
that the catalytic site of the enzyme was
conserved among all influenza A and B
viruses.  This allowed the rational design by
Mark von Itzstein of the neuraminidase
inhibitor, Relenza, which is now in use
throughout the world as a safe and effective
treatment for all influenza A and B infec-
tions.  Using NA crystals grown in the
JCSMR, three other neuraminidase
inhibitors have also been developed over-
seas to treat influenza in the community.  It
is anticipated that these inhibitors will play
a major role in the control of a new pan-
demic virus if, as expected, this arises at
some future date.

Crystals of influenza A virus neuraminidase
(subtype N9) produced in 1985 from an avian
influenza virus isolated from a cloacal swab
collected by Adrian Gibbs from a healthy noddy
tern on North West Island of the Great Barrier
Reef in 1975.  The crystals, which are about 0.8
mm in diameter, diffract X-rays to 1.5 Å and have
been used by a number of pharmaceutical
companies to design neuraminidase inhibitors for
use as anti-viral agents.

Further Reading

Laver, W.G., Bischofberger, N. and Webster, R.G. (1999).  Disarming flu viruses  Scientific
American, 280(1), 56-65.

Laver, W.G., Bischofberger, N. and Webster, R.G. (2000).  The origin and control of pandemic
influenza.  Perspectives in Biology and Medicine, 43, 173-192. 
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Using autoradiography of cells labelled with
tritiated thymidine, Taylor reported in 1957
that the DNA in eukaryotic chromosomes is
made up of two components of opposite
polarity that separate when the DNA is
replicated, exactly as Watson and Crick had
predicted four years earlier.  Shortly there-
after, Cedric Mims introduced autoradiogra-
phy into the Department of Microbiology in
order to study the life expectancy of mouse
lymphocytes, and he kindly instructed me
(and, more importantly, my technician,
Rosemary Henry) in the use of Kodak Strip-
ping Film.  This allowed us to show that
vaccinia virus replicates in the cytoplasm of

cells.  We found that each infecting virus
particle sets up its own ‘factory’ in which
virus DNA and protein accumulate.  Sur-
prisingly, although there is usually a consid-
erable delay before the start of synthesis, all
the factories in a multiply-infected cell start
at the same time (Figure 1A).  Some years
earlier, we had observed a rather similar
delay at the start of infection by influenza,
but the cause of such delays is not known.

Subsequently, we used the same tech-
nique to study the DNA of bacteria and bac-
teriophages.  One of issues of the time was
whether the two strands of the DNA double
helix really separate during replication,

William Graeme Laver (1929–) graduated BSc, Chemistry (1954) and MSc, Biochemistry (1956) from
the University of Melbourne and PhD, Biochemistry (1958) from the University of London.   In 1958 he
was appointed a Research Fellow in the Department of Microbiology and by 1990 rose to the rank of
Professor.  Apart from some early work on the structure of adenoviruses, he has spent his career
working on the structure of influenza virus, the mechanism of its antigenic variation and the development
of inhibitors of influenza virus neuraminidase which are now being used worldwide to treat influenza.  He
has organized a total of nine international workshops on influenza.  He was elected Fellow of the Royal
Society in 1987 and in 1996 shared the Australia Prize in the field of Pharmaceutical Design.

The Autoradiography of DNA

by John Cairns
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Figure 1  A. A mammalian cell infected with six or seven vaccinia particles. On the left, the sites of
accumulation of viral proteins (shown by fluorescein-coupled antibody); on the right the sites of
accumulation of cytoplasmic DNA (shown by autoradiography after labelling with 3H-thymidine).  B.
Three molecules of T2 bacteriophage DNA, labelled with 3H-thymidine and autoradiographed for two
months.  C. Two molecules of lambda bacteriophage DNA, labelled with 3H-thymidine and
autoradiographed for two months  (the scale shows 1 micron).  D. More than 5 microns of Escherichia
coli DNA is labelled after a three minute pulse of 3H-thymidine.  E. Many 50-100 microns stretches of
mammalian DNA are labelled after a three hour pulse of 3H-thymidine.  F. The chromosome of
Escherichia coli, after labelling for two generations with 3H-thymidine.
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because the unwinding problem seemed
almost insuperable.   It was easier to imag-
ine that chromosomal DNA contained two
identical double helices and that it is these
that separate during replication.  We were
able, however, to show by autoradiography
that the DNA of Escherichia coli and
lambda bacteriophage consists, in each case,
of a single molecule of DNA that contains
two strands not four, and since these two
species of DNA were already known to
replicate ‘semi-conservatively’ it followed
that the two strands of the double helix do
indeed separate at replication.  (An inde-
pendent proof was reported at the same
time, using the effect of bromouracil on the
melting temperature of DNA).  Following
short pulses of tritiated thymidine we were
able to see DNA ‘replication forks’ and
measure the speed of replication.  In the
case of Escherichia coliwe calculated that
its millimetre long chromosome could be
replicated by a single fork in the normal 40
minute doubling time; (we now know, how-

ever, that we were wrong and that the chro-
mosome is usually replicated by two forks
moving in opposite directions).  In the case
of mammalian DNA, we found that replica-
tion is by multiple forks that move much
more slowly (unfortunately, owing to pres-
sure of circumstances this last study was not
published for another three years).  In those
days, The Australian National University
supplied effectively limitless resources for
science.  The only weakness was therefore
the human element.  For example we once
planned a trip, with Ric Davern of CSIRO,
to the Canberra sewage works to look for an
RNA bacteriophage, using a selection pro-
cedure that we now know would have
worked, and this would have been the first
such virus to be isolated.  Unfortunately,
there was a sudden cloudburst.  So we put
off the trip and by next day somehow had
lost interest in the matter.  As Howard Flo-
rey once said, you can be a fool to do an
experiment but you can be a damn fool not
to do an experiment.

Further Reading

Cairns, J. (1972).  DNA synthesis. The Harvey Lectures 1970–71,Series 66, pp. 1-18. Academic
Press, New York.

John Cairns (1922–). After graduating in medicine
in Oxford in 1946 and working first as an intern
and then for two years as a bacteriologist, Cairns
spent two years at the Walter and Eliza Hall
Institute, working on influenza virus replication,
under the auspices of the British Colonial Office.
Following this he had to spend three years in their
employ, in Entebbe, Uganda.  In 1955 he came to
the John Curtin School, where he worked with
influenza and vaccinia viruses and (during a
year’s sabbatical leave) with bacteriophages.  In
1974 he was elected a Fellow of the Royal
Society on the basis of this work.  He left Australia
in 1963 to become Director of the Cold Spring
Harbor Laboratory in New York.  In 1973 he
moved to the Imperial Cancer Research Fund
Laboratories at Mill Hill, London, and from there,
in 1980, to the Harvard School of Public Health,
as Professor of Microbiology.  He retired in 1991
and returned to England to live near Oxford.
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Studies of viral pathogenesis in Australia
began in the late 1940s, when Frank Fenner,
working at the Walter and Eliza Hall Institute
in Melbourne, carried out his classic studies
on the pathogenesis of ectromelia (mouse-
pox) virus in mice.  In 1956 Cedric Mims
joined the Department of Microbiology in
JCSMR.  By this time the fluorescent anti-
body method was available, and the infec-
tious process could be dissected out in terms
of individual infected cells rather that by
merely determining the total amount of virus
in each organ.  Events could now be followed
at the cellular and histological level.  Mims
began with mousepox, and showed that in the
liver there were defined cycles of growth, ini-
tially in Kupffer cells, followed by spread to
adjacent hepatic parenchymal cells.  He also
investigated the spread of the infection
through lymph nodes and spleen, a premature
attempt to get at the immunology of the
infectious process.  Applying the fluorescent
antibody approach to other virus infections,
he found that Kupffer cells took up and sup-
ported the growth of intravenously injected

influenza and myxoma viruses, but retained
the infection without passing it on to hepatic
cells.  The latter were, however, infected
when the virus was introduced directly via
the bile duct.  For the previous 30 years
investigators had been injecting viruses
directly into the brain of mice to study neu-
rotropism.  Mims, confirming an earlier
report by John Cairns, also in the Department
at that time, showed that during these injec-
tions the inoculum spills over into the blood,
so that every intracerebral injection is also an
intravenous injection.  Some viruses infected
only the meningeal and ependymal layers,
whereas others spread further and invaded
the brain substance.

PhD students made major contributions.
Klaus Schell showed that strains of mice
resistant to mousepox were resistant at least
partly because they mounted a superior
immune response to the infection, as judged
by antibody production, and John Roberts
analysed cellular events after infection via
the skin and the respiratory tract.  Tissue
macrophages played a key role in resistance

Pathogenesis of V iral Diseases

by Cedric Mims

Illustration of power of the fluorescent antibody
technique.  A. bronchiole 24 hours after the
intranasal infection of a mouse with Sendai virus.
B. Section of thymus and nearby muscle of a
newborn LCM virus carrier mouse, showing
infected thymus and neighboring intercostal
muscle.  C.  Leg muscle of a suckling mouse
showing infected muscle cells 24 hours after
infection with NWS strain of influenza virus.  D.
Uterus from pregnant LCM virus carrier mouse,
showing infected endometrium and glands.
Figure A from Mims, C.A. and Murphy, F.A.,
(1973). American Journal of Pathology, 70, 315-
402, with permission.



to mousepox, and another reason for the
resistance of certain strains of mice was that
their macrophages were resistant to infec-
tion.  At that time the antiviral action of
interferon was largely an in vitro phenome-
non, and T.P. (Mani) Subramanyan studied
its role in vivo in terms of the known steps
in the pathogenesis of mousepox.

Visiting workers brought with them
interests and enthusiasms that broadened our
research activities.  Fred Murphy joined us
in investigations of the pathogenesis in mice
of Sendai virus and of Ross River virus, an
Australian arthropod-borne virus (see p.
400).  Richard Johnson, a clinical neurolo-
gist from the USA, spent a highly productive
two years in the Department, taking advan-
tage of the fluorescent antibody method to
study the passage of herpes simplex virus
from the periphery to the central nervous
system of suckling mice.  This could take
place via peripheral nerves or from the blood
across blood vessels in the brain.

Until the late 1960s the immunological
aspects of infection had received only spo-
radic attention.  Using autoradiography
Mims had followed the fate of thymocytes
in suckling mice, and had determined the
origin and properties of mouse peritoneal
macrophages, a cell that came to play a cen-
tral part in many of our pathogenesis stud-
ies.  In 1969 Robert Blanden took a major
step in the application of immunology to
viral pathogenesis (see p. 319).  Using the
mousepox model system, where so many of
the parameters were now known, he showed
that immune lymphocytes were essential for
the clearance of foci of infection on the
liver.  Antibody and interferon were rela-
tively unimportant; it was cell-mediated
immunity that mattered.

It was from the studies on lymphocytic
choriomeningitis (LCM) virus infection of
mice that the immunological approach
yielded its greatest harvest.  For a start,
Mims and PhD student Sally Wainwright
showed that adult mice experienced a gen-
eral but temporary immunosuppression
after infection with this virus.  Mims found
that in congenitally infected mice most of
the cells in all tissues of the body were

infected.  This included the thymus gland of
newborn animals, with its implications for
immune tolerance, and egg cells in the
ovary, with its implications for the vertical
transmission of the infection.  Surprisingly,
uninfected cells, as judged by the absence of
antigen, could not be superinfected, so pre-
sumably the virus could be present in a
defective form.  He also made a longitudinal
study of congenitally infected mice, and
found that these mice were runted, although
their immune responsiveness was normal.
Then Zlata Wallnerova mastered the daunt-
ing technique of thoracic lymph duct cannu-
lation in mice which enabled her to follow
the traffic of infected lymphocytes through
lymphoid tissues, and PhD student Fred
Tosolini made basic studies on mouse strain
susceptibility to LCM virus.  As a final har-
vest from the fluorescent antibody tech-
nique, Mims investigated pathways of
spread from mother to fetus of both LCM
and mousepox viruses.  Placental cells
involved were identified and the influence
of immune responses studied. 

In retrospect, the factors that made the
1960s and early 1970s such a productive
period for studies of viral pathogenesis and
immunology were as follows.  First, the
availability in the Department of well-stud-
ied model systems in the mouse.  Second,
the opportunity to use the fluorescent anti-
body technique to analyse the course of
infection, as well as the superbly convenient
method for culturing cells on microscope
slides devised by John Cairns.  Third, the
steady flow of PhD students and Postdoc-
toral and Visiting Fellows through the
Department, the life blood for a rather iso-
lated laboratory, brought to the resident sci-
entists the oxygen of new ideas and
enthusiasms.  Fourth, the presence of an
excellent animal house where mouse
pathogens (ectromelia and LCM viruses)
could be studied without them spreading to
uninfected areas, and where human
pathogens (LCM virus) could be safely
studied.  Fifth, the opportunity to focus sin-
gle-mindedly on research without the dis-
traction of grant applications and
undergraduate teaching.
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Left Cedric Arthur Mims (1924–).  After graduating BSc(Hons) in Zoology at University College London
in 1947, Mims entered Middlesex Hospital Medical School, becoming a demonstrator in the physiology
department while studying as a medical student and qualifying in 1952.  His introduction to laboratory
work came during a three-year spell in Entebbe, Uganda, working on tropical fevers, especially Rift
Valley Fever.  He then spent a happy and productive 15 years at the John Curtin School, concentrating
on the pathogenesis of a variety of virus infections, including ectromelia, influenza, and lymphocytic
choriomeningitis.  In 1972 he left Australia and became University Professor of Microbiology at Guys
Hospital Medical School, London.  Much of his time was now spent teaching medical students, and he
wrote a classic book, The Pathogenesis of Infectious Disease, now in its 5th edition, and two other
scientific books.  Serving on a Medical Research Council Committee over 12 years he made regular
visits to research projects in tropical Africa. He retired in 1990, but continued to write books, including
When We Die (all there is to know about death!) in 1998 and The War Within Us (Everyman’s guide to
infection and immunity) in 2000.

Centre Frederick A. Murphy (1934–) graduated BS (1957) and DVM (1959) from Cornell University and
then served for two years in the U.S. Army Veterinary Corps.  After obtaining a PhD in Comparative
Pathology from the University of California at Davis in 1964, he started the Viral Pathology Branch at the
U.S. Centers for Disease Control (CDC) in Atlanta.  Over the next 14 years his research centered on the
pathogenesis and ultrastructural pathology of many viral diseases, including rabies, arbovirus
encephalitis, and the viral hemorrhagic fevers, including Ebola hemorrhagic fever.  In 1970–71 he spent
a sabbatical year with Cedric Mims at the JCSMR.  In 1983 he was appointed Director of the Division of
Viral and Rickettsial Diseases and in 1987 Director of the National Center for Infectious Diseases at
CDC.  From 1991 to 1996 he served as Dean of the School of Veterinary Medicine at the University of
California, Davis and is now Professor of Virology there.  In 1987 he collaborated with Frank Fenner and
others to produce a textbook, Veterinary Virology (2nd edition, 1994), as a companion book to Fenner
and White’s Medical Virology, and took over as senior author of the 3rd edition (1999).

Right Richard T. Johnson (1931–) graduated in medicine at the University of Colorado and spent a year
at Stanford University and the Walter Reed Army Institute of Research before receiving training in
neurology at Harvard University and the University of Durham, England.  He spent 1962–64 as a Visiting
Fellow with Cedric Mims at JCSMR, then returned to the United States as a junior faculty member at
Case Western Reserve.  In 1969 he went to the Johns Hopkins University School as Dwight D.
Eisenhower Professor of Neurology.  He is also a Professor of Microbiology and Neuroscience.  He has
published over 300 papers and among other awards received the first Pioneer Award of the International
Society of Neurovirology as the ‘Father of Neurovirology’. 
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The outstanding research resource at the
JCSMR during the years 1982–1988 was
the availability of substantial numbers of
high quality inbred mice.  Otherwise, fund-
ing for both reagents and for personnel was
somewhat limited.  As a consequence,
though I was professorial head of a research
department and had a significant national
and international profile, I found myself
working like a postdoctoral fellow in order
to maintain a viable scientific program.
This ultimately proved to be unsustainable,
and would have been a totally ineffectual
strategy if it had not been for the effort of
Jane Allan in my laboratory and collabora-
tive interactions with the independent pro-
gram led by Rhodri Ceredig.  Jane’s
expertise was in virology and cellular
immunology, while Rod was authoritative
on the analysis of cell-mediated immunity
(CMI) by flow cytometry; Jane and I were
also helped by some excellent technicians,
particularly Diana Hartley and Andrew
Clearey.

My previous research program at the
Wistar Institute, Philadelphia, had largely
focused on the CD8+ T cell response to
influenza A virus.  This was also the area of
interest of Gordon Ada, then Head of the
Department of Microbiology, so I decided
to leave influenza to Gordon (see p. 333)
and to return to an earlier obsession with the
imunopathogenesis of lymphocytic chori-
omeningitis virus (LCMV) infection.
Experiments with LCMV during my previ-
ous incarnation as a Postdoctoral Fellow,
then Research Fellow (1972–1975) at the
JCSMR had led to the discovery (with Rolf
Zinkernagel) that CD8+ T cells recognize
major histocompatibility complex (MHC)
glycoproteins that have been in some way
modified by the process of virus infection
(called MHC restriction) (see p. 323).  

I decided to concentrate on the in vivo
immunobiology of LCMV-specific effector
and memory CD8+ T cell responses.  These

experiments involved Jane Allan, Rod
Ceredig and several PhD students (Geeta
Chaudhri, Jane Dixon, Felicity Lynch and
Zsuzanna Tabi) from the two laboratories.
Discussions with Ian Clark also led to an
interest in oxidative pathology (see p. 405),
a topic that we explored both with LCMV
and, in collaborative studies with Ian
Ramshaw, Peter Badenoch Jones, and later
David Willenborg, the rat experimental
allergic encephalomyelitis (EAE) model
(see p. 341).  The work was done largely by
Narelle Bowern, who was then a PhD
scholar but had earlier been involved, as a
technician, in the pioneering experiments of
Robert Blanden on ectromelia virus-specific
CMI that were the prelude to our 1973 dis-
covery of MHC restriction (see p. 319).  In
addition, PhD student Michael Uren ana-
lyzed the spectrum of CD4+ T cell speci-
ficity for some of the flaviviruses.

The unique advantage of the LCMV
model was that it was possible to quantitate
the magnitude of the response following
intracerebral injection with the virus by
counting inflammatory cells in cere-
brospinal fluid recovered from the cisterna
magna.  The exploitation of this approach
had earlier (1973–75) led to the discovery of
MHC restriction, and allowed us to demon-
strate that the phenomenon applied to both
cytotoxic T lymphocyte (CTL) activity
measured in vitro and the inflammatory
process induced in vivoby adoptively trans-
ferred CD8+ T cells.  Many of the novel
findings that we made between 1982 and
1988 came from the further application of
this adoptive transfer protocol.

Using bone marrow radiation chimeras
made with MHC-different mouse strains,
we showed that exposure to the appropriate
spectrum of MHC+virus (antigen) in lym-
phoid tissue led to clonal expansion and dif-
ferentiation of LCMV-specific CD8+ T
cells.  However, these CTL effectors did not
localize in large numbers to the virus-

Immunopathogenesis of L ymphocytic Choriomeningitis

by Peter Doherty
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infected central nervous system unless the
appropriate MHC glycoprotein was also
expressed in the brain.  The likely target was
the LCMV-infected epithelium of the
ependyma, choroid plexus and meninges.
During the course of these studies, we also
discovered that the then mysterious hybrid
resistance (Hr) effect described many years
previously for bone marrow reconstitution
by Gustavo Cudcowicz was equally effec-
tive in eliminating LCMV specific T cells.
The radiation-resistant mediators of Hr bore
the Thy 1 marker characteristic of T cells
and some categories of natural killer (NK)
cells.  Furthermore, LCMV-specific CD8+
effectors were shown to express asialo-
GM1, a molecule that had previously been
considered a definitive marker for NK cells.

An odd idea that emerged from Europe
at about that time was that CD8+ T cell
responses were generated from non-prolif-
erating, pre-existing lymphocyte popula-
tions that were in some way removed from
suppression.  This hypothesis was effec-
tively discredited by giving mice small
doses of the cytotoxic drug, cyclophos-
phamide, during the course of the primary
response to LCMV.  The treatment protocol
had no effect on ‘resting’ memory T cells,
but the responding CD8+ population was
totally eliminated.  Later studies using irra-
diated, adoptively transferred memory pop-
ulations also indicated that lymphocyte
division is a prerequisite for the recall of a
primed, CD8+ memory T cell population.
Even so, the idea that secondarily-stimu-
lated memory T cells do not normally divide
prior to mediating effector function per-

sisted in the minds of many immunologists,
and was only finally dispelled years later
(1999) when it became possible to stain the
virus-specific population directly with
tetrameric complexes of MHC glycopro-
tein+peptide (tetramers) and antibodies to a
thymidine analogue (bromodeoxyuridine)
fed during the course of the host response. 

Flow cytometric analysis led to the con-
clusion that a very small number of adop-
tively transferred, virus-specific CD8+ T
cells were sufficient to initiate the passive
recruitment of large numbers of otherwise
uninvolved ‘bystanders’.  These experi-
ments, together with the results from esti-
mates of CD8+ T cell frequency determined
by limiting dilution analysis, were to influ-
ence my thinking for many years.  However,
though there is every reason to believe that
the LCMV adoptive transfer studies were
correctly interpreted, and there is a ready
explanation for the fact that limiting dilution
assays only detect about 10% of the virus-
specific CD8+ T cells, recent studies with
tetramers have shown that we (like every-
one else) greatly underestimated the magni-
tude of the virus-specific host response.
Sometimes the correct picture cannot
emerge until the appropriate technique
becomes available.

One result from the Canberra years that
has stood the test of time was Zsuzanna
Tabi’s demonstration that virus-specific
CD8+ memory T cells differ from naïve pre-
cursors in that they are much more readily
triggered to effector function and express
high levels of the CD44 (Pgp1) glycoprotein. 

Further Reading

Allan, J.E., Dixon. J.E. and Doherty, P.C. (1986).  Nature of the inflammatory process in the central
nervous system of mice infected with lymphocytic choriomeningitis virus. Current Topics in
Microbiology and Immunology, 134, 131-143.

Doherty, P.C. (1985). T cells in viral infections. British Medical Bulletin, 41(7), 7-14.
Tabi, S., Lynch, F., Ceredig, Rh., Allan, J.E. and Doherty, P.C. (1988). Virus-specific memory T

cells are Pgp-1+ and can be selectively activatedwith phorbol ester and calcium ionosphere.
Cellular Immunology, 113, 268-277.



386

JCSMR - The First Fifty Years

Left Rhodri Ceredig (1950–) was born in Aberystwyth, Wales, and graduated MB ChB at the Birmingham
University Medical School in 1974.  In 1975 he moved to Australia where he was Senior Tutor at Monash
University Department of Pathology and Immunology from 1975–77, before enrolling for a PhD degree at
the Walter and Eliza Hall Institute, graduating in 1980.  From 1980 to 1985 he worked at the Ludwig
Institute for Cancer Research, Lausanne, and came back to Australia in 1985 as a Senior Research
Fellow in the Department of Experimental Pathology, JCSMR.  In 1989 he moved to the Laboratoire
Genetique et Moleculaire des Eucaryotes, Strasbourg, and was appointed to INSERM in 1995.  After
spending periods of leave at the Basel Institute for Immunology, Switzerland and the MRC Center for
Immune Regulation, Birmingham University Medical School, in 2000 he moved to the Laboratoire
d’Immunochimie  at the Atomic Energy Commission (CEA) at Grenoble, France, INSERM Unit 548. 

Right Jane Elizabeth Allan (1956–) was born in Glasgow, Scotland, and graduated BSc at the University
of Glasgow in 1976.  She then moved to the University of Western Australia, where she graduated
BSc(Hons) in 1979 and PhD in Microbiology in 1982.  In 1982 she was appointed Postdoctoral Fellow
in the Department of Experimental Pathology, JCSMR, and promoted to Research Fellow in 1985.  In
1988 she moved with Professor Doherty to the Department of Immunology at St Jude Children’s
Research Hospital in Memphis.  In 1993 she moved back to the University of Western Australia as R.D.
Wright NH&MRC Fellow in the Department of Microbiology and in 1996 she was appointed Senior
Scientist and Lecturer in the Department of Medicine at the University of Western Australia.
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It is difficult to appreciate, at the start of the
third millennium, the state of molecular
virology half a century ago.  Tissue culture
or, more specifically, culturing and cloning
animal cells in vitro, was just being devel-
oped and not yet in general use.  The only
viruses that could be studied in homogeneous
populations of host cells were bacterial
viruses.  Systems comprising homogeneous
populations of virus particles replicating in
homogeneous populations of mammalian
cells, a fundamental prerequisite for mean-
ingful quantitative studies of changes in the
levels of specific host cell and viral proteins
during the one-step growth cycle, that is,
molecular virology, were just beginning to
be developed by Renato Dulbecco when
Bill Joklik arrived in the Department of
Microbiology in the autumn of 1953.

As an ANU Scholar, Joklik had worked
on various aspects of bacteriophage T1
replication, and Frank Fenner wanted him to
initiate biochemical, i.e., molecular, studies
on tissues of rabbits infected with myxoma
virus.  It soon became apparent that such
studies were not feasible owing to the
extremely low amounts of myxoma virus in
organs like the liver.  Joklik soon demon-
strated that the amount of virus present in
livers of myxoma virus-infected rabbits was
no more than 0.001% of the amount of virus
present in the livers of rabbits infected with
the strain of vaccinia virus known as rabbit-
pox virus (RPV), and he therefore directed
his attention to the replication of vaccinia
virus and closely related orthopoxviruses.

Joklik’s studies on the molecular virol-
ogy of vaccinia virus replication during the
years 1955 to 1962 followed five
approaches. First, he initiated studies on
nucleic acid metabolism in cells infected
with vaccinia virus, using radioactively
labelled precursors, a field that was just
developing at that time.  He demonstrated
that infection of exponentially growing
HeLa cells with rabbitpox, cowpox, or

ectromelia virus caused a large (10- to 15-
fold) increase in the amount of thymidine
kinase, later shown to be an early poxvirus-
encoded enzyme.  He also found that infec-
tion resulted in large increases in the
amount of polyribosome-associated RNA,
later shown to be poxvirus-specific early
messenger RNA.  Studies like these laid the
groundwork for quantitative biochemical
studies of single step viral growth cycles
and defined the expression of genetic infor-
mation encoded in viral genomes and the
responses of host cells to viral infection.

Second, he devised a technique for iso-
lating poxviruses in high yield from cul-
tured cells.  The starting material was
synchronously infected HeLa cells which
were blended with Genetron, sonicated or
Dounce-homogenized, and then centrifuged
through 36% sucrose cushions.  Virus in the
pellets was then banded in 25-40% sucrose
density gradients.  Recoveries were more
than 50%.  

Electron micrographs demonstrated that
the product was essentially pure virus parti-
cles, and the amount of virus could be esti-
mated simply by measuring optical density
at 260 mµ, 1 optical density unit being
equivalent to 1.2 x10

10
virus particles

weighing 64µg.  This is still the method of
choice for isolating poxvirus particles from
cultured cells.

Third, starting with cowpox virus (CPV)

The Beginnings of Molecular V irology

by Wolfgang (Bill) Joklik

Electron micrograph of cowpox virus, chromium
shadowing.



purified in this way, Joklik isolated its
genome with an 80% yield following treat-
ment with SDS in the presence of 2-mer-
captoethanol, followed by digestion with
papain and extraction of residual protein
with phenol.  The isolated DNA was dou-
ble-stranded according to a variety of crite-
ria and its size was determined by
centrifugation in a Spinco Model E Ultra-
centrifuge and by chromatography on Celite
charged with methylated bovine serum
albumin, using authentic bacteriophage T2
and lambda DNAs as standards.  The iso-
lated DNA had a molecular weight of about
80 million, about one half of the expected
value of 160 million  (as calculated from the
accepted weight of poxvirus particles and
their DNA content).  It was further demon-
strated that the DNA isolation procedure
used caused no change in the size of T2
DNA; and that the chromatographic profiles
of T2 and CPV DNA were very similar,
with no evidence of random single breaks in
the CPV DNA.  Whatever the reason for the
discrepancy, the CPV DNA that was iso-
lated represented genomes that had not been
broken more than once, if at all.

Fourth, in 1960 Joklik started his inves-
tigation of the intracellular uncoating of
vaccinia virus.  The techniques used were as
follows. The virus used contained C14-
labeled thymidine, C14-labeled leucine or
P32-labeled orthophosphate. At various
times after synchronous infection infected
cell samples were analyzed for the presence
of DNA digestible by DNase (uncoated
DNA), and degraded protein and phospho-
lipid.  The first stage of uncoating, which
commences immediately upon adsorption,
results in the breakdown of almost all phos-
pholipid and the disintegration of part of the
outer viral protein coat.  The second stage
begins after a 30 to 60 minute lag, depend-
ing on the multiplicity of infection, and
results in the sensitization of the viral
genome to deoxyribonuclease, that is,
uncoating.  Initiation of this stage requires
protein synthesis; this stage does not occur
in the presence of inhibitors of protein syn-
thesis.  Not surprisingly, pre-infection with
homologous or any heterologous

orthopoxvirus virus abolishes the lag and
permits uncoating to proceed under condi-
tions of protein synthesis inhibition.

Finally, Joklik investigated the molecu-
lar basis of a phenomenon described by
Berry and Dedrick in 1936, namely that
active myxoma virus could be recovered
from rabbits injected with mixtures of heat-
inactivated myxoma virus and active
fibroma virus.  This experiment had been
suggested by Griffith’s earlier studies on the
transformation of pneumococcal types and
had therefore become known as the
‘fibroma-myxoma virus transformation’.  It
was first shown that this phenomenon was
not limited to leporipoxviruses, but that it
was a general phenomenon within the
poxvirus family that transcended genera, for
heat-inactivated RPV was found to be reac-
tivated in the chorioallantoic membrane not
only by other orthopoxviruses, but also by
fibroma virus and fowlpox virus.  Joklik,
Holmes and Briggs then demonstrated that
treatment of RPV with urea, another protein
denaturant, also generated ‘reactivable’
virus, and that the property of ‘reactivabil-
ity’ was retained when the outer coats of
heat- or urea- inactivated virus were
removed by proteolytic digestion, that is,
‘reactivability’ is a property of poxvirus
cores.

All these experiments suggested that the
most likely explanation of the Berry-Dedrick
phenomenon was that during the conversion
of active to reactivable virus some protein
essential for virus replication is inactivated
and then supplied by the active, reactivating
virus particles.  If that is the case, it was rea-
soned, virus in which the genome but not the
crucial protein had been inactivated, should
be able act as the reactivating agent.  Joklik,
Pam Abel and Ian Holmes showed that this
was indeed the case; RPV, or indeed any
poxviruses tested, when completely inacti-
vated by treatment with nitrogen mustard,
which inactivates DNA much more exten-
sively than proteins, was able to reactivate
heat- or urea-inactivated RPV and any other
heat- or urea-inactivated poxviruses tested.
The Berry-Dedrick transformation thus rep-
resents the reactivation of poxviruses by a
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non-genetic mechanism.
The final chapter to this investigation

was Joklik’s demonstration that for heat-
inactivated virus particles the second step of
the uncoating process does not proceed, that
is, the genome of reactivable virus particles
is not uncoated.  It was thererore postulated
that what is inactivated by heat or urea is an

inducer protein that induces the synthesis of
the protein required for uncoating.  The
nature neither of the inducer protein nor of
the protein that perhaps plays some role in
inducing, are known.  It is conceivable that
the inducer protein is the viral DNA-
dependent RNA polymerase, but there is no
experimental evidence for this suggestion.  

Further Reading

Joklik, W.K., Abel, P. and Holmes, I.H. (1960). Reactivation of poxviruses by a non-genetic
mechanism. Nature,186, 992.

Joklik, W.K. (1962). The multiplication of poxvirus DNA. Cold Spring Harbor Symposium on
Quantitative Biology, XXVII, 199-208.

Wolfgang Karl (Bill) Joklik (1926–). After
graduating from Sydney University BSc with 1st

Class Honors in Biochemistry in 1947 and MSc in
1948, Joklik was awarded an ANU Overseas
Scholarship and proceeded to Oxford University
where he worked in the Laboratory of Sir Paul
Fildes at the Sir William Dunn School of
Pathology and obtained a D.Phil. in 1952.  After a
year’s postdoctoral work in Herman Kalckar’s
Laboratory in the Institute for Cytophysiology of
the University of Copenhagen, he joined the
Department of Microbiology of the JCSMR in
September 1953, first as Research Fellow and
from 1958 as Fellow.  In 1962 he moved to the
Department of Cell Biology of the Albert Einstein
College of Medicine in New York as Associate
Professor and was promoted to Professor in
1965.  In 1968 he was appointed Chairman of the
Department of Microbiology and Immunology at
Duke University Medical Center in Durham, North
Carolina.  In 1981 he was elected to the US
National Academy of Sciences and in 1982 to the
Institute of Medicine.  In 1982 he founded the
American Society for Virology and was its first
President.  In 1991 he was awarded the fourth
ICN International Prize in Virology.  He retired in
1992.
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Fascinated by the initial virulence of myx-
oma virus (see p. 373) and seeking a better
virus for laboratory studies of poxvirus vir-
ulence, Fenner (see p. 51) made a compre-
hensive study of a number of strains of
vaccinia and cowpox viruses, which are the
model viruses for laboratory study of
poxviruses, hoping to find strains that
would be suitable for genetic studies.  He
selected two strains of vaccinia virus, and
demonstrated recombination between them,
most conclusively by using single mixedly-
infected HeLa cells.

During a trip around the world in 1957
he visited Salvador Luria in Urbana, Illi-
nois.  Discussing his work with poxvirus
genetics, Luria pointed out that by analogy
with bacteriophage genetics, it would be
more profitable to study recombination by
using several different mutants of a particu-
lar virus.  Fortunately, in his initial survey
Fenner had found that cowpox virus and
rabbitpox virus (a strain of vaccinia virus),
which produced haemorrhagic pocks on the
chorioallantoic membrane, also produced
about 1% of white pocks.  Choosing rabbit-

pox virus, he showed that different white
pock strains produced different types of
lesion on the chorioallantoic membrane, and
that by determining the rate of recombina-
tion to produce wild-type that occurred with
different combinations of white pock
mutants it was possible to construct a rough
‘genetic map’ of rabbitpox virus.

During the next few years Fenner and
his research student Joseph Sambrook found
that some white pock mutants were also
host range mutants, in that they failed to
produce plaques in a certain line of pig kid-
ney cells.  Some years later, Peter Cooper
(see p. 393) showed that all host range
mutants of rabbitpox virus had a major dele-
tion at one end of their large double-
stranded DNA genome, and that the white
pock mutants that were not host range
mutants had a deletion at the other end.
Recombination occurred between, but not
within, these two classes of white pock
mutants.  Other research students and Visit-
ing Fellows greatly extended these studies
and also investigated termperature-sensitive
mutants of rabbitpox virus.

Genetic Studies with V accinia V irus

by Frank Fenner

Wild type rabbitpox virus and some of its white pock mutants.  (From Gemmell and Fenner, 1960, with
permission.)  It was recognition that white pock mutants differed from each other that convinced Fenner
that the claim of Russian virologists the smallpox virus was a ‘white pock mutant’ of monkeypox virus
was wrong (see p. 466). 
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Poliomyelitis is now so well controlled that
it may soon be completely eradicated, but in
1962 poliovirus remained dangerous and its
growth process almost completely obscure.
Coming to Australia then, Peter Cooper
used his experience with poliovirus
mutants, growth and plaque assay to con-
tinue defining the workings of a ‘simple’
animal virus and to further control of a seri-
ous human disease.  He chose a genetic
approach to the crucial step of identifying
poliovirus gene functions in the eclipse
phase.  Testing for thermal growth require-
ments as in London, he showed in early
1963 that 5-fluorouracil mutated this RNA
virus producing a treasure trove of tempera-
ture sensitive mutants (ts, unable to grow at

39.5°C).  Clones were isolated using a low
5-FU mutation rate of a 40°C clone of the
Sabin type 1 attenuated vaccine.  At this
time the ground-breaking work of Edgar
with bacteriophage ts  mutants emerged,
outlining a useable protocol for poliovirus.

By 1964 genetic complementation
between poliovirus ts mutants was found to
be too inefficient to allow cistron mapping.
(A few years later (1968) functional pro-
teins were shown by overseas workers to
separate by post-translational proteolysis
from a monocistronic polyprotein of 2000
amino acids).  Temperature shift experi-
ments showed that all gene functions
occurred simultaneously.  More useful was
genetic recombination aided by a guanidine
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Joseph Frank Sambrook (1939–) graduated BSc
at the University of Liverpool in 1962 and PhD at
the Department of Microbiology, JCSMR in 1965.
He was appointed a Research Fellow (1965–66)
and then carried out postdoctoral studies at the
MRC Laboratory of Molecular Biology, Cambridge
(1966–67) and the Salk Institute (1967–69) before
moving to the Cold Spring Harbor Laboratory as
Senior Staff Investigator (1969–77), and Assistant
Director (1977–85).  In 1985 he was appointed
Professor of Biochemistry and during the next ten
years moved to other positions at the
Southwestern Medical Center, Dallas, Texas.  In
1995 he moved to Melbourne as Professor and
Director of Research in the Peter MacCallum
Cancer Institute.  He was elected FRS in 1985
and FAA in 2000.

Genetic Mapping of Poliovirus

by Peter Cooper



392

JCSMR - The First Fifty Years

resistance marker allowing unambiguous
three-factor crosses.  Crucially, wild-type
revertants in the mutant stocks were min-
imised by several technical manoeuvres.
By 1967 the first genetic map of an RNA
animal virus was correlated with defects in
physiological function: (1) mutants on the
(arbitrary) left of the map had normal coat
protein but did not make cRNA at 39.5°C
(replicase I defect, of course, progeny
vRNA and coat protein could not be made
either); (2) centre mutants had normal coat
protein but one (ts-28) could be shown to
make cRNA but not vRNA at 39.5°C (repli-
case II defect); (3) right-hand mutants made
vRNA but all had coat protein defects.
Replicase I, II and coat protein were desig-
nated the three primary gene functions of
poliovirus.  Loci for sensitivity to guanidine
and two other inhibitors mapped in coat pro-
tein and were unambiguously assigned there
by co-variation of ts and inhibitor sensitiv-
ity characters in one-step wild-type rever-
tants.  Resistance loci to two further
inhibitors known to react in vitro with virion
capsid protein also mapped there, as
expected.

In 1969 two further unknowns were
resolved: (1) possibly the original mutant
suite was too small to saturate the genome,
but a second series from other mutagens
nearly doubled their number but only
extended the map 25% without new pheno-
type; (2) to define the 5’ end of the map, two
different 5-FU pulse experiments respec-
tively tried to place mutagen either near the
3’ or the 5’ ends of vRNA.  The first yielded
few mutants, but two were mappable, both

at the extreme left and defective in replicase
I.  The second produced many mutants,
almost all demonstrably changed in coat
protein including one mapping there.  Thus
coat protein was predicted to be towards the
5’ end of vRNA.

How much of the genome did the map
cover?   Poliovirus vRNA was not then
accurately sized and so was redefined by gel
electrophoresis as 2.56 ± 0.13 x 106 Da, cod-
ing for about 2500 amino acids.  Unfortu-
nately ambiguity in cleavage of the
poliovirus proteins prevented accurate siz-
ing by gel electrophoresis.  However, count-
ing tryptic peptides from virions labelled
with rare amino acids (cystine, histidine,
methionine) compared with a new, gentler
hydrolysis and amino acid analysis indi-
cated nearly 1000 amino acids (105 kDa)
for each capsid unit, or 40% of the genome.
Assay of capsid protein terminals (aspartate,
glycine, serine) confirmed that virions con-
tained 60 capsid subunits, each 106 kDa as
calculated from total capsid weight.  As
48% of the genetic map was coat protein, by
1971 it thus seemed to cover about 80% of
the genome, with about 20% untranslated.

In the 1980s molecular biology sup-
planted the blunter tool of classical genetics,
confirming this genetic map but revealing
several functions not suspected thirty years
ago as well as complete nucleotide
sequences.  Much research is current and
the replicase and recombination functions
are still not defined.  Some secondary gene
functions remain unexplained, a host pro-
tein is needed somewhere and some impor-
tant paradoxes still exist.

Further Reading
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Alan Bellett and Ph.D. student Banfield
Younghusband began to characterize the
DNA of several adenoviruses in 1969.  The
structure and replication of the DNA of
some bacteriophages of Escherichia coli
had already been outlined (see p. 379).
Their DNA had terminal repeats or single-

stranded complementary ‘sticky’ ends
which allowed them to form circles or
chains within cells.  The DNA replicated in
these forms and was cut to form unit length
linear molecules by endonuclease during
packaging of the DNA into progeny bacte-
riophages, and it was assumed that the DNA

Peter Dodd Cooper (1926–) graduated BSc (Hons) in Chemistry in 1945, receiving his PhD (Bacterial
Inhibitors) in 1949 and DSc (Virology) in 1968, from London University.  After a year in industry, in 1948
he joined the Wright-Fleming Institute of St Mary’s Hospital, London, working on the site of action of
radiopenicillin.  In 1954 a Fulbright Fellowship took him to the California Institute of Technology to learn
about animal viruses.  In 1957 he became Director of the Medical Research Council Virus Culture
Laboratory in London, working with poliovirus.  He joined the Department of Microbiology of the JCSMR
in 1962 as a Senior Fellow, continuing with poliovirus and spending the next sixteen years on virus
genetics.  In 1978 he switched interest to studying cellular aspects of cancer induction, then in 1982
began exploring cancer treatment and vaccine enhancement by complement activation with the immune
stimulant gamma inulin.  This resulted in two world patents.  He retired as Senior Fellow in 1988,
receiving two research grants to continue this topic as Visiting Fellow in the JCSMR and in the
Neurosciences Research Unit of The Canberra Hospital, which (2000) is still in progress.  He is an
Honorary Life Member of the Australian Society for Microbiology (National President, 1975–6) and of the
Clinical Oncological Society of Australia (Chairman, ACT Cancer Society, 1977–80), and was awarded
a National Australia Day Council Medal in 1989.

Adenovirus DNA Replication

by Alan Bellett
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of animal viruses would be similar.  But
adenovirus DNA was linear, and had neither
terminal repeats nor ‘sticky ends’.  The
DNA was eventually found to have
‘inverted’ terminal repeats, which would
not allow formation of circles or chains.

Tony Robinson began his PhD on the
replication of adenovirus DNA in 1971.
When extracted by conventional methods
involving protease digestion, replicating
adenovirus DNA remained unit length and
linear.  Replication began at each end and
the growing progeny strand displaced the
equivalent parental strand.  At this time the
reason for the classical bacteriophage DNA
replication patterns was beginning to be
understood.  DNA polymerases were found
to be unable to initiate DNA replication, but
required an existing 3’OH primer to which
they can add.  Internally RNA polymerases
can synthesise a short RNA primer, subse-
quently removed and replaced by DNA, but
this is not possible at the end of a linear
DNA molecule.  This problem can be over-
come by the formation of circles and chains
during the replication of linear DNA. 

James Watson (then Director of Cold
Spring Harbor Laboratory, New York)
pointed out that there remained a problem in
understanding the initiation of replication at
the ends of linear DNA molecules which are
unable to form circles or chains.  This
focussed attention on adenovirus DNA
replication.  Watson’s suggestion was that
the ends of adenovirus DNA were self com-
plementary, and could form ‘hairpins’ that
primed DNA replication, the ends being
reformed by endonuclease cleavage and
repair of the ‘hairpins’.

Robinson and Bellett thought that
another possibility was that adenovirus
DNA might be circular, but was cut into a
linear form by an attached endonuclease
activated by protease.  They therefore
devised a method of extracting adenovirus
DNA with guanidine, which avoided pro-
tease digestion.  They indeed found circles
and chains of DNA, but several observa-
tions made it unlikely that these were pre-
existing.  Rather the data suggested that

both in the virus particles and infected cells
the DNA is unit length and linear, but has a
protein covalently bound to each 5’ end.
The circular and chained forms of DNA
were due to binding of the denatured termi-
nal proteins to each other.  They therefore
suggested that in infected cells newly syn-
thesised molecules of terminal protein bind
non-covalently to the 3’ ends of the parental
DNA, and also bind deoxycytidine cova-
lently.  This deoxycytidine would then act as
primer for synthesis of the 5’ ends of the
progeny strands.

While in London on study leave in 1975,
Bellett collaborated with David Rekosh to
label terminal protein with 125I, and showed
that in human adenovirus 5 it has a molecu-
lar weight of 55K.  On his return to JCSMR
in 1976 Bellett and Ph.D. student Bruce
Stillman (currently Director of the Cold
Spring Harbor Laboratory) began to
develop methods to test the rival ‘hairpin’
and protein priming hypotheses for the initi-
ation of adenovirus DNA replication.  At
the 1976 Cold Spring Harbor Symposium
partial sequence data for the ends of the
viral DNA were first reported.  This made it
unlikely, although not impossible, that the
5’ ends could form ‘hairpins’ with sufficient
stability to prime DNA replication.  Still-
man and Bellett did a number of experi-
ments which failed to find evidence for the
formation of terminal ‘hairpins’ in aden-
ovirus DNA.  Using chromatography on
bezoylated napthoylated DEAE cellulose,
they were able to distinguish between repli-
cating and completed DNA molecules in
infected cells, and showed that replicating
DNA has a protein covalently attached to a
single strand of the terminal restriction
enzyme fragment, consistent with the pro-
tein priming model.  They also showed that
this protein is synthesised early in infection,
and not late with the other structural pro-
teins.  Subsequent work has confirmed the
model, although it was found that the intra-
cellular primer protein is larger than that
found in the virus particles, and is cleaved to
the final form during assembly.



395

15. Microbiology

Left  Alan John David Bellett (1933–).  After graduating BSc (Hons.) in 1953 and MSc (Microbiology) in
1954 from the University of London, and National Service, Bellett was a Medical Research Council
Scholar at the Wright-Fleming Institute in London from 1956–58, and then joined the MRC Virus
Research Unit in London as a Research Scientist.  He joined the Department of Microbiology in JCSMR
as a Research Fellow in 1963 and was awarded a PhD in 1967.  After a year’s study leave at Stanford
Medical Center, he returned to JCSMR Department of Microbiology in 1969 as a Fellow, and continued
as Senior Fellow from 1973 until his retirement in 1992.

Right Anthony J. Robinson (1943–). After graduating BVetSc at the University of Queensland in 1966,
Robinson returned to practice in his native New Zealand, followed by veterinary diagnostic work at
Wallaceville Animal Research Centre.  He came to JCSMR as a PhD scholar in 1971 and worked in
Bellett’s laboratory, graduating PhD in 1974.  After postdoctoral work in London and Oregon, he returned
to New Zealand.  He was appointed Senior Lecturer at Massey University in 1978, and Director of the
Virus Research Unit, Medical Research Council of New Zealand in Dunedin in 1983, where he became
an internationally recognized expert on parapoxvirus infections.  In 1993 he joined the CSIRO Division
of Wildlife and Ecology as a Senior Principal Research Scientist and has played a prominent role in their
work on developing myxoma virus as a vector for immunocontraception in rabbits.
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In mid-1959, after working for some ten
years on myxomatosis, I was awarded a
two-year US National Academy of Sciences
post-doctoral grant to work with W.C. (Bill)
Reeves at the University of California on
arboviruses (arthropod-borne viruses), with
the intention of establishing an arbovirus
laboratory in the School when I returned.
Myxomatosis was usually transmitted
mechanically by insect vectors (see p. 373),
but much more frequently insect transmis-
sion involves multiplication of the virus in
the vector (most commonly a mosquito) and
infection via contaminated saliva.  The pro-
totype arbovirus is the highly lethal yellow
fever virus, which was one of the first
agents shown to be a ‘filterable’ virus and to
be transmitted by mosquitoes after multipli-
cation in the mosquito.  There are now about
450 catalogued arboviruses, belonging to
five viral families; about 70 of these occur
in Australia.

Returning to Australia in mid-1961, I
proceeded to set up the kind of facilities
needed for laboratory studies of arboviruses,
which were somewhat different from those
used by most scientists in the JCSMR.
Arbovirology also required a commitment to
extensive field work, something that I had
enjoyed in my work on myxomatosis.  I
decided to concentrate on mosquito-trans-
mitted viruses, which are the most common
arboviruses and include Australian species
that were by that time known to cause seri-
ous human diseases (encephalitis, caused by
flaviviruses, and epidemic polyarthritis,
caused by alphaviruses).  This required set-
ting up an insectary in the animal house to
breed mosquitoes for experimental studies,
and ensuring thattwo high security animal
laboratories were up to the required standard
to permit experiments on potentially danger-
ous viruses.  It was also necessary to arrange
for the Animal Breeding Establishment to
provide me with literally thousands of
female mice with litters (see p. 86), since
baby mice were the preferred animal for the

isolation of arboviruses.
My laboratory had been designated the

World Health Organization Arbovirus Refer-
ence Laboratory for the Australasian Region,
which entailed some responsibilities in
examining material from other laboratories
and supplying them with diagnostic reagents.
In this essay I will describe work on Murray
Valley encephalitis (MVE) during 1973–76,
a period that included a major outbreak in the
Murray Valley in 1974.  I was assisted in the
laboratory work by my colleague Gwen
Woodroofe (see p. 375) and technicians,
Sylvia Hirsch and Elspeth Thibos; assistance
with field work is mentioned below.  Some of
our work on Ross River virus (RRV), the
commonest cause of epidemic polyarthritis,
is described in the next essay.

The virus that causes Murray Valley
encephalitis (MVE) was the first indigenous
virus that was pathogenic for humans to be
isolated in Australia, when in 1918 Anton
Breinl in Townsville infected monkeys by
intracerebral injection of monkeys with
material from fatal human cases.  In the
same year John Burton Cleland, working
from Sydney, also isolated the virus from
the extensive outbreak of ‘X’ disease in the
Murray River basin and passaged it in mon-
keys and sheep, but at that time there was no
way of maintaining it.  The next outbreak
was in 1950–51, when the environmental
and ecological conditions described later in
this essay had occurred, and coincided with
the dramatic initial spread of myxomatosis
through the Murray-Darling basin.  On that
occasion Eric French isolated the causative
virus from the brain of a fatal case and iden-
tified it as belonging to the same group as
Japanese encephalitis virus.

My involvement with MVE began in
April 1973, with a reconnaissance trip
through north-western and southern New
South Wales to find out whether inland epi-
demics of polyarthritis resulted from the re-
introduction of Ross River virus (RRV) from
northern areas of endemicity or by radiation

Murray V alley Encephalitis, 1973–1976

by Ian Marshall



from persisting local enzootic foci.  At the
time virtually the whole of eastern Australia
was experiencing some degree of flooding
and there was prodigious water-bird breed-
ing in the vast Macquarie Marshes and many
smaller marshes.  Although the Murray and
Murrumbidgee Rivers further south were
flowing full, there was no widespread deep
flooding, although there was shallow flood-
ing in some of the low-lying river red-gum
forests.  Overnight mosquito light-trap col-
lections were made at seven sites on the
Macquarie, Paroo, Darling, Murray and
Murrumbidgee Rivers.  Although it was
autumn, the mosquito swarms were so over-
whelming that we reduced the number of
traps set each night.  When the trapped mos-
quitoes, the vast majority of which were
Culex annunlirostris,were tested in the lab-
oratory, they yielded 15 viruses.  MVE virus
was not isolated, and only one of the 15
belonged to the flavivirus group.

Several months after this trip, on 3 Janu-
ary 1974, the first case of MVE in the Mur-
ray Valley since 1951 was diagnosed;
ultimately there were 58 cases of encephali-
tis, 12 of which were fatal.  Seven more
cases had been diagnosed by 28 January
when Ralph Doherty, the arbovirologist at
the Queensland Institute of Medical
Research, called me to discuss what should
be done.  He was keen to continue his clas-
sical studies of arboviruses in the tropical
north and particularly on Cape York and,
with Ian Gust of the Fairfield Infectious Dis-
eases Hospital, Melbourne, to study the
pathogenesis and antibody response in
patients and, where possible, confirm the
causative virus as MVE or Kunjin or another
related Australian flavivirus.  I decided to
concentrate on the epidemiology of the dis-
ease in the Murrumbidgee and Murray River
basins, their tributaries and the irrigation dis-
tricts through to Mildura.

I discussed the project with Gordon Ada,
who, incidentally, had worked with MVE in
the early 1950s when the Hall Institute was
still devoted to virus research.  He was very
supportive, so I borrowed his senior techni-
cian, Keith Clarke, to oversee the generator,
battery charger, mosquito light traps, supply

of dry ice (mosquito bait), liquid nitrogen
cylinders, vehicle maintenance and, of
course, to help with the communal chores
such as sorting mosquitoes, bleeding birds,
separating serum, etc.

Late in January 1974, I telephoned
Geoff Gard and Royle Hawkes, former PhD
students, and explained what was afoot;
both were keen to participate.  I then phoned
Harry Frith, Chief of the CSIRO Division of
Wildlife Research, and asked if I could bor-
row an ornithologist technician.  Harry had
been peripherally involved in the 1951
MVE outbreak, so knew what was required.
He more than doubled my request and pro-
vided two senior technicians, Bevan Brown
and Kent Keith, each with a Land Rover,
one towing a small caravan and the other a
boat and outboard motor!

Early in February 1974 Geoff Gard,
Royle Hawkes, Bevan Brown, Kent Keith,
Keith Clarke and I met at Barrenbox
Swamp, about 25 kilometres west of Grif-
fith, and later moved to six other sites in
south-west NSW and north-west Victoria.
At all these sites we collected bird sera and
trapped mosquitoes.  This provided the first
opportunity to obtain information on the
important reservoir hosts and to incriminate
an epidemic mosquito vector.

Although water birds were breeding pro-
lifically at all the collecting sites, as they had
been in the Darling-Macquarie river system
in August 1973, the most spectacular sight
was the frenetic activity in the river red gum
forests straddling the Murray River.  Here
waterbirds had built their nests in tiers
around the circumference of the tree, each
tier being occupied by a different species.
Nankeen night herons usually occupied the
top tier, sometimes preying on the nestlings
of egrets, ibis and other heron species below
them.  Smaller cormorants often occupied
the lowest tier. The nestling night herons
were hatched naked, and as they were aban-
doned about sunset while the parents were
out feeding they were exposed to mosquito
attack.  Their hunting technique was to stand
motionless in shallow water and when suit-
able prey approached one quick stab with
slightly open beak was sufficient.  American
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ornithologists have found that this feeding
technique also led to a very high tolerance to
mosquito attack, so there was little wonder
that the night herons were admirable hosts
for MVE.  Later, in animal house experi-
ments, it was found that after Nankeen night
herons were infected with MVE, the anti-
body titres declined quite quickly after infec-
tion, and they could become viraemic again
if re-infected several months later.

Table 1 sets out the results obtained
when the bird sera tested for antibodies to
MVE, Ross River virus and Sindbis virus.  

Haemagglutination and neutralization
tests on 348 specimens coming from 13
species of birds showed 82 positive results
for MVE; tests on sera from 94 other birds, of
21 species, were negative for MVE, but 11 of
these 21 species were positive for Sindbis
virus (not shown in table).  All tests for Ross
River virus antibodies were negative.  Sub-
stantial numbers of several species of birds
were MVE-positive, notably the nankeen
night heron (88%), two species of cormorant
(40%) and two other species of heron (33%).

Overall, 138,359 mosquitoes were col-
lected, the vast majority in CO2-baited light
traps.  Twelve species were represented,
98.3% being Culex annulirostris. Pools of

up to fifty mosquitoes, sorted according to
species and place, date and method of col-
lection, were homogenized in saline and
tested for viruses by intracerebral inocula-
tion of day-old mice and inoculation of
monolayers of Vero cells.  The results are
shown in Table 2.  Apart from one isolation
of MVE from Culex australicus,all viral
isolates were from Culex annulirostris.

Ten different viruses, belonging to four
of the five families of arboviruses, were
recovered.  The single isolation of Barmah
Forest virus was the first isolation of that
virus, now known to be a cause of fever
with rash and arthralgia in humans.  The
commonest virus, Kunjin, is now recog-
nized as a cause of encephalitis in humans,
and it is now thought that 5 of the 58 cases
diagnosed as MVE in the 1974 outbreak
may have been due to Kunjin virus.  Sindbis
virus occurs world wide, and is another
cause of fever with rash and arthralgia in
humans.  Although no birds showed anti-
body to RRV, 16 mosquito pools yielded
that virus, presumably being infected from
its mammalian and marsupial reservoir
hosts.  None of the other viruses isolated
cause disease in humans.  In a limited period
between February 4 and 12, at the height of

Table 1.  Results of serological tests of bird sera 

Species of bird Number MVE +ve Sindbis +ve 

Great cormorant 3 1 1 
Little black cormorant 26 11 8 
Little pied cormorant 46 18 26 
Darter 4 2 1 
Australasian grebe 5 1 2 
Pacific heron 9 3 7 
White-faced heron 18 6 5 
Nankeen night heron 25 22 17 
Sacred ibis 10 4 5 
Black swan 9 2 7 
Pacific black duck 20 1 9 
Grey teal 158 9 51 
Eurasian coot 15 2 3 

Totals 348 82 142 

 

Table 2.  Species of virus isolated from mosquito pools 

Viral genus Flavivirus Alphavirus Bunyavirus Orbivirus 

Viral species MVE KUN EH RRV SIN BF KOW KOO WON PAR 

Totals 39 110 2 16 47 1 2 7 3 6 

MVE = Murray Valley Encephalitis, KUN = Kunjin, EH = Edge Hill, RRV = Ross River Virus, SIN = Sindbis 
BF = Barmah Forest, KOW = Kowanyama, KOO = Koongol, WON = Wongal, PAR = Paroo River 
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the epidemic in the Murray Valley, a total of
136,077Culex annulirostris subsequently
yielded 238 isolates of 11 antigenicallydis-
tinct viruses including 38 strains of MVE
virus and 11 strains of Kunjin virus; 180
Culex australicus yielded 1 isolate of MVE
and there were no isolates of any viruses
from 917 culicines of other species, nor
from 1,184Anopheles annulipes.  Most of
the isolates were from trapping sites close to
places of human infection.  As the table
shows, 64% of all viruses isolated were
MVE or the closely-related Kunjin virus.

We returned to the area in 1975, and
found that because of abnormal flooding,
mosquito numbers had decreased dramati-

cally.  Because of the depth of the water, we
had to travel through the forest by boat to set
and collect the light traps. In contrast to the
138,359 mosquitoes collected in 1974, only
about 12,000 were collected during three
field trips in 1975, and they yielded no
arboviruses.  Serological tests on 1,800 bird
sera indicated the presence of high levels of
antibodies to MVE, 94% of sera from adult
birds and 48% from immature birds being
positive.  The Nankeen night heron is an
important reservoir of MVE virus and this
correlates with the fact that the black-
crowned night heron is the most important
reservoir host of Japanese encephalitis virus.  
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Epidemic polyarthritis with rash was first
described in southern Australia in 1928 and
there were frequent outbreaks among troops
in northern Australia and offshore islands
during the Second World War.  There was
an outbreak with thousands of cases in the
Murray Valley in the summer of 1956, but
although it was investigated by three groups
of experienced microbiologists, the
causative agent was not discovered.  How-
ever, epidemiological evidence suggested
that it was likely to be an arbovirus and that
the reservoir host(s) were likely to be mam-
mals rather than birds.  Many of the sera
from patients were Alphavirus-positive, but
it was not until 1963 that what proved to be
the causative virus was isolated by Ralph
Doherty, an experienced Queensland
arbovirologist, from a pool of Aedes vigilax
mosquitoes caught at Ross River, near
Townsville.

In the 1950s Dr J. Alan Clarke, an Eng-
lish physician, migrated to South Queens-
land, where he became acquainted with
epidemic polyarthritis with rash.  In the
early 1960s he moved to Nelson Bay, in the
Port Stephens area of coastal New South
Wales.  In 1965 he asked me to help diag-
nose what he thought was a localized out-
break of this disease, by now known to be
caused by Ross River virus, in the area in
which he practiced.  It is a disease with low-
grade fever and by the time arthralgia
prompts medical attention, the patient is
seropositive and it is impossible to isolate
virus.  Although at first sceptical, since
arbovirus infections had not been reported
so far south on the east coast, I agreed and
serological tests showed that he had seen
nine cases between March and April 1965.
There were four cases between February
and May 1966 and one case in 1967.

Our laboratory continued to carry out
diagnostic serological tests for Dr Clarke,
and in 1967, intrigued by the persistence of
a low infection rate in such a small, con-

fined community, I decided to attempt to
unravel the puzzle.  I was always reluctant
to base a PhD project on notoriously unpre-
dictable field investigations, but with the
help of Gwen Woodroofe (see p. 375) and
PhD student Geoff Gard, we concentrated
on an area of relatively undisturbed bush-
land 2 kilometres south-west of Nelson Bay
township, by trapping and testing mosqui-
toes for virus and carrying out serological
tests on native animals.  All isolates from
mosquitoes came from an area of consoli-
dated sand dunes covered with grasses,
shrubs and trees and bisected by a small
creek.  Many flying foxes appeared in the
adjacent natural forest, and when their
camps were occupied we collected mosqui-
toes at day and night, but no viruses were
isolated.

The next move was to trap wild animals,
with the help on Kent Keith of CSIRO
Wildlife Research, identify them, and test
for antibodies.  The results of this work are
shown in Table 1.

The most surprising feature of the trap-
ping, apparent on the first night, was the
preponderance of a placental mouse.  After
hours of measurement and consultation of
the literature, Kent Keith concluded that it
was a species long thought to be extinct,
Pseudomysnovaehollandia, the New Hol-
land mouse.  One specimen had been
trapped in 1967 in Ku-ring-gai Chase
National Park, the first recorded for over a
century, yet here it was by far the most com-
mon of the terrestrial animals trapped.  Both
it and the greyheaded flying fox showed
about 25% seropositives over the three-year
period.

The initial tests of mosquitoes for virus
were disappointing – no Ross River virus
positives from 44,943 mosquitoes collected
in 1968 and tested, after sorting by species,
in infant mice and cultured cells.  Subse-
quently the results were better: 10 isolates
from Aedes vigilax, one from Culex

Ross River V irus Infections

by Ian Marshall
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annulirostris and one from a pool of Man-
sonia and Culex spp. in 1969, one isolate
from Aedes vigilaxin 1970 and one isolate
from Mansonia linealisin 1971.  A total of
10 isolates were made of two other unre-
lated arboviruses.

This experience, made possible by the
interest and help of a country general prac-
titioner, is a unique record of how Ross
River virus can persist, probably indefi-
nitely, in small populations of reservoir
hosts and periodically infect humans via
vector mosquitoes.

The Nelson Bay isolates had another
surprise in store for us.  The prototype
Queensland Ross River virus and strains
from the Murray Valley and adjacent areas
killed day-old mice inoculated intracere-
brally in 3-4 days, but the Nelson Bay virus
had no apparent effect on them except
hindquarter paralysis, clearly evident 7-8
days after inoculation.  Full virulence could
be obtained by 8-10 intracerebral passages,
but we were more interested in the unusual

paralytic response.  Cedric Mims, Fred
Murphy (see p. 383) and PhD student Bill
Taylor, using routine histology, immunoflu-
orescent staining, electron microscopy and
virus titration, found that widespread necro-
sis with paralysis of the hindlimbs did not
appear until several days after peak viral
titres, and that five weeks later the muscle
had regenerated, as judged by histology,
limb weight was normal and function had
returned to normal.

A third genetic type of Ross River virus
was responsible for a spectacular virgin soil
outbreak in Fiji and adjacent Pacific Islands,
involving tens of thousands of human cases,
between April 1979 and February 1981.  On
this occasion virus rather than antibody
could be recovered from blood collected
when patients first presented to a physician.
This form, like dengue and yellow fever,
could be maintained by person-to-person
spread via mosquito vectors, but it was not
maintained in other animal hosts and even-
tually died out in the Pacific islands.

Table 1. Results of serological testing of mammals captured over the period 
1967–69. 

Species Common name Tested RRV positive 

Pteropus poliocephalus Greyheaded flying fox 261 65 
Pteropus scapulatus Little red flying fox 21 1 
Pseudomys novaehollandia New Holland mouse 72 18 
Antechinus stuarti Marsupial mouse 16 1 
Rattus rattus Black rat 18 0 
Rattus luteolus Swamp rat 12 1 
Mus musculus House mouse 4 0 
Pseudocheirus laniginosis Ringtail possum 3 2 
Trichosurus vulpecula Common brush possum 1 1 
Petaurus breviseps Sugar glider 2 1 
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In 1961 I came to do a PhD in the Depart-
ment of Microbiology at the John Curtin
School.  My supervisor, Ian Marshall, sug-
gested that I develop the agar gel precipitin
method for arboviruses, using Getah virus,
an alphavirus, and Murray Valley encephali-
tis virus, a flavivirus.  I used domestic fowls,
immunized with viruses grown in mouse
brain, as the source of antisera, and infective
mouse brain as antigen.  With hindsight, it
would have been better to have used mice as
the source of the antiserum, to avoid the sub-
sequent need to absorb out the anti-mouse
antibodies from the fowl antisera.

One of the recognized properties of
antiviral antibodies is their ability to neu-
tralize viral infectivity.  The time came to
carry out neutralization tests on the antisera,
to compare the levels of precipitating and
neutralizing antibodies.  For convenience, I
used chick embryo fibroblasts as the assay
system, employing a method in which serial
dilutions of antisera are mixed with standard
amounts of virus.  The usual finding with
potent antibody was that neutralization of
the virus occurred at high concentrations of
antiserum, the degree waning with progres-
sive antiserum dilution, until eventually, if
dilution proceeds far enough, the residual
virus in the mix became the same as that in
the standard virus mixed with normal
serum.  Embarrassingly, my results showed
that the apparent virus level increased,
rather than decreased, when mixed with
diluted antibody.  I concluded that I had set
up the experiment wrongly, being unable,
like so many others, to envisage a situation
where antibody acted contrary to reason and
all previous experience.  Assuming that I
had botched it, I put the whole thing away
and went on to have an enjoyable two years
doing arbovirus epidemiology in New
Guinea.  

However, later I repeated the experiment
on the avian sera, just tidying up for my the-
sis, and got exactly the same results as I had

two years earlier.  I thought that I was not
likely to make exactly the same mistake
twice, and that the phenomenon was proba-
bly real.  A flurry of experiments followed.
The magnitude of the enhancement was
considerable, it occurred with many viruses,
it was virus-specific, and it occurred only
when avian antisera were assayed on avian
cells.  Avian antisera assayed on mam-
malian cells, and mammalian antisera
assayed on avian cells, always produced
neutralization.  Later work by others
showed that mammalian antisera demon-
strated the effect on mammalian cells.
Kevin Lafferty lent his considerable expert-
ise to purifying the active immunoglobulins
and elucidating the kinetics of the reaction.
We speculated that somehow the attachment
of antibody to virus particles increased the
proportion of the viral population which
could attach to and penetrate cells.  It was a
busy and exhilarating time.

It took about ten years for the phenome-
non to be accepted, and for other workers to
begin to fill in the gaps.  It is now well
established that antibody dependent
enhancement occurs in many viral families,
and that it is clinically important in certain
situations, the most striking of which is
dengue haemorrhagic fever.  As so often
happens, there was a lot of luck in the dis-
covery; I happened to produce the antisera
in chickens, I assayed the virus-antibody
mixture on chicken cells, I had a supervisor
(Ian Marshall) who displayed benevolent
scepticism until the phenomenon was
beyond doubt and strong support thereafter,
and another established scientist (Kevin
Lafferty) was willing to collaborate but
careful not to dominate.   Perhaps the best of
all was the opportunity to visit the matter
twice, at an interval of two years.  Dogma is
a difficult thing for the novice to surmount.
I needed a second try before I could chal-
lenge it.

Antibody-Dependent Enhancement of V iral Infectivity

by Royle Hawkes
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The 1990s were the decade which gave a
detailed understanding of the cell biology of
the MHC antigen presentation pathways.  A
host of accessory molecules dedicated to the
generation and supply of peptides and their
loading onto the restriction elements were
identified.  For instance, the discovery of
the TAP transporter (transporter associated
with MHC class I antigen processing) which

supplies the endoplastic reticulum (ER)
lumen with peptides of predominantly
cytosolic origin explained in molecular
terms the cell biological puzzle how the
compartmental barrier between cytosol
(source of peptides) and ER lumen (site of
assembly of MHC class I molecules) was
bridged in the antigen presentation pathway. 

I had joined the Division of Cell Biology
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Modulation of the MHC Class I Pathway in Cells Infected with Flaviviruses

by Mario Lobigs
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in 1990 and was working with Robert
Blanden and Arno Müllbacher on the cellu-
lar immune response against flaviviruses.  I
also had an interest in intracellular targeting
of viral proteins and experience in the
recombinant vaccinia virus expression sys-
tem from my post-doctoral term at the
Karolinska Institute in Sweden.  At the time
the proposition was raised that the effi -
ciency of antigen presentation would be
greatly enhanced if the accessory molecules
of the MHC class I pathway co-evolved
with their restriction elements such that a
functional polymorphism of the former
would result in the selective supply and
loading of the latter with peptides.

Arno and I decided to test this concept
using the premise that the putative func-
tional polymorphism of the accessory mole-
cules of the class I pathway should be
revealed by the presentation of a different
peptide repertoire by mouse MHC class I
molecules when expressed in cells from dif-
ferent species.  We infected cells of diverse
origins, ranging from mammals to birds,
with vaccinia virus recombinants encoding
different mouse class I molecules.  Surpris-
ingly, with one exception, all infected cells
were sensitive to recognition by mouse
cytotoxic T lymphocytes if the correspon-
ding mouse class I restriction element and
the protein antigen as source for specific
peptide determinants were present.  This
work demonstrated the almost exclusive
contribution of the class I molecules in the
selection of cytotoxic T cell determinants
for presentation to T lymphocytes. 

This set of experiments also led to the
revisiting of an immunological curiosity, the
MHC class I monomorphism of the Syrian
hamster, since two of the hamster cell lines
that we had tested revealed antigen presen-
tation deficiencies for particular mouse
MHC class I allelic products.  These defi-
ciencies were repaired by transfection of the
cells with cDNA for the peptide transporter
from another species.  This suggested that
functional polymorphism of the peptide
transporter may have evolved after all, pos-
sibly as a mechanism to expand the T cell

repertoire and prevent escape of pathogens
from T cell recognition, albeit with the pro-
viso that the species has only a limited poly-
morphism of its MHC class I genes.

Our diversion into the immunobiology
of antigen presentation was unexpectedly
turned back to my main interest as a virolo-
gist, the molecular and cell biology of fla-
viviruses, with the surprising result that the
antigen presentation defect in the Syrian
hamster (BHK) cell line was also repaired
upon infection with a flavivirus, West Nile
virus.  Arno and I immediately set out to
devise and conduct a set of immunological
and biochemical assays using various fla-
viviruses and peptide transporter (TAP)-
deficient cells to confirm the phenomenon.
We had stumbled upon the likely mecha-
nism for a discovery, made some ten years
earlier by Arno, Robert, and their students
Nick King, Yang Liu and Alison Kesson, of
the up-regulation of cell surface expression
of MHC class I glycoproteins in flavivirus-
infected cells.  This phenomenon is a unique
effect of flavivirus infection and is found in
different cell types from different species.  It
is interferon-independent, and presents a
paradox in terms of virus survival, given the
apparent increased susceptibility of fla-
vivirus-infected cells to recognition by cyto-
toxic T cells.  Using biochemical assays for
the peptide import into the ER lumen we
further showed that the virus does not
induce leakiness of the membrane, and does
not encode a protein which functions in pep-
tide translocation, but modulates the ER
membrane such that net import of peptides
into the lumen by the TAP transporter is
augmented.  This increases the availability
of peptides, and in turn, allows increased
assembly and cell surface expression of
MHC class I restriction elements.

This chronological description of collab-
orative work in Arno’s and my laboratories
exemplifies that the solution to a particular
problem often stems from the free-ranging
enquiry in apparently unrelated fields.  It
also demonstrates that the interfaces of
virology, cell biology, and immunology are
a fertile ground for exciting discoveries.
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Falciparum malaria, still a cause of morbid-
ity and mortality on a grand scale, is a com-
plex multi-organ disease that is often fatal.
It was never clear how a protozoan parasite
restricted to erythrocytes caused this syn-
drome, since the long-assumed direct
effects of a malarial toxin causing illness,
and mechanical blockage of blood vessels
by sequestered parasitised red cells causing

coma and death, did not stand up to scrutiny.
While working in England in the early

and mid-1970s Ian Clark became interested
in the possibility that tumour necrosis factor
(TNF), now well known in immunology and
disease pathogenesis but then a newly-
described protein that killed tumour cells,
might explain the protection he had been
able to achieve against rodent malaria by
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The Cytokine Theory of Malarial Disease 

by Ian Clark



prior infection with BCG.  This effect was
not mediated by antibody, but clearly a sol-
uble factor was involved, since the parasites
were dying inside erythrocytes circulating
in the protected mice.  While in the Depart-
ment of Microbiology, JCSMR, as a
Research Fellow (1977–1981) he developed
this idea into the proposal that much of the
illness and disease that accompanies sys-
temic infections such as malaria and sepsis
is a consequence of excessive production,
by host cells, of soluble mediators such as
TNF, now called the pro-inflammatory
cytokines.  In malaria a corollary of this
principle was that the long-postulated
malaria toxin did not cause illness directly,
as had been assumed since last century, but
through inducing the host to release a
shower of excessively generated cytokines
that, at lower concentrations, are an essen-
tial part of the host’s immune response.
Those with a historical eye will recognize
this as a merging of Claude Bernard’s
endogenous, and Louis Pasteur’s exoge-
nous, concepts of disease pathogenesis.

Clark then continued this work in the
ANU Faculty of Science as an NHMRC
Research Fellow, in collaboration with a
group he funded for 15 years within the
JCSMR through the World Health Organi-
zation.  By the mid 1980s the group had
access to recombinant TNF, allowing them
to show that injecting this cytokine would
cause changes that completely mimicked, as
predicted, the pathology that malaria causes
in mice.  This had not previously been done
for any infectious disease.  For instance, the
group was able to show that recombinant
TNF inhibited in vivo growth of P.
chabaudi, a mouse malaria parasite, and
could cause foetal loss as well as ery-
throphagocytosis and dyserythropoiesis, all
of which are associated with human malaria
infection, in the mouse model.  Much less
TNF was required in mice carrying a non-
symptomatic low load of malaria parasites,
in hindsight because their interferon-glevels
were increased.  Soon afterwards others
extended this principle to human disease,
with TNF reproducing side effects identical
to the signs and symptoms of malaria when

used as an experimental tumour therapy in
patients.

By the late 1980s TNF had also begun to
be recognized as a major endogenous medi-
ator of the pathology of gram-negative bac-
terial infections, as Clark had proposed
earlier.  By the end of the 1980s TNF and
related mediators were being found by this
group, and others, in the plasma of malarial
patients in proportion to the severity of their
illness.  Thus TNF escaped from the con-
fines of the tumour world and began to be
seen as a bone fidemediator of both cell-
mediated immunity against malaria para-
sites, and the pathophysiology of the disease
itself.  These concepts now drive much cur-
rent work on malarial disease pathogenesis
internationally, and have paved the way to
similar investigations in many other infec-
tious diseases. 

In the early 1990s Clark and his col-
leagues had added cytokine-induced nitric
oxide generated by inducible nitric oxide
synthase (iNOS) to their model of disease
pathogenesis.  With knowledge of the roles
of nitric oxide in basic physiology increas-
ing exponentially over the decade, the
aspects of malarial pathophysiology that
this molecule could plausibly mediate
increased accordingly.  By the turn of the
century, in collaboration with Terrie Taylor
(Michigan) and Malcolm Molyneux (Liver-
pool) on autopsy material collected in
Malawi, they were able to demonstrate, as
predicted, that induction of iNOS and asso-
ciated nitric oxide generation was wide-
spread in tissues collected at autopsy from
childhood malaria and sepsis cases in
Malawi.  This had many implications for the
metabolic changes seen in systemic infec-
tious diseases, since iNOS had not been
demonstrated in this context previously.

This result allowed the group to appreci-
ate the implications, for malaria pathogene-
sis, of new experimental evidence that
salicylate enhances and prolongs the activ-
ity of key elements along the signalling
pathway through which interferon-g gener-
ates inducible nitric oxide synthase (iNOS).
Reye’s syndrome, a severe sepsis-like dis-
ease, had been empirically shown to be
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caused by a hypersensitivity to salicylate
toxicity in children suffering from a mild
viral infection.  It virtually disappeared
from much of the world after the use of sal-
icylate in febrile children was successfully
discouraged.  It had also been noted that
paediatric salicylate toxicity has many clin-
ical features in common with severe falci-
parum malaria, including acidosis, altered
consciousness, convulsions and hypogly-
caemia.  Salicylates are widely available in
a variety of formulations in many African
countries, and are commonly used for the
initial treatment of the signs and symptoms
that malaria shares with other diseases.

Clark therefore proposed that, in areas
where salicylates are still used to treat the
symptoms of febrile illnesses in children,
this mechanism, first recognised in Reye’s

syndrome, commonly exacerbates poten-
tially serious infectious diseases, including
falciparum malaria, by enhancing iNOS
expression.  In contrast, the absence of sali-
cylate usage in children in some Pacific
Islands may contribute to the milder out-
come of falciparum malaria than is observed
in Africa.  This suggests that Reye’s syn-
drome, which has virtually disappeared
from areas of the world where salicylates
are no longer used in children, was also
mediated through salicylate enhancement of
iNOS expression, the initial trigger in this
instance being a viral infection.  These pro-
posals, the subject of current research, sug-
gest further potential therapeutic uses for
the specific iNOS inhibitors now being
developed for other purposes. 
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