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Abstract: From the emergence of Hendra virus
and Menangle virus in Australia to the global
pandemics of severe acute respiratory syndrome
and influenza viruses (both H5N1 and H1N1),
there has been a surge of zoonotic virus outbreaks
in the last two decades. Although the drivers for
virus emergence remain poorly understood, the
rate of discovery of new viruses is accelerating.
This is due to a combination of true emergence of
new pathogens and the advance of new technologies making rapid detection and characterisation
possible. While molecular approaches will continue to lead the way in virus discovery, other
technological platforms are required to increase
the chance of success. The lessons learnt in the last
20 years confirm that the One Health approach,
involving inclusive collaborations between physicians, veterinarians and other health and environmental professionals, will be the key to combating
future zoonotic disease outbreaks.

Globalisation of travel and trade, changes in agricultural
practice (e.g. intensive farming and land use) and climate
change are some of the drivers responsible for the
emergence of novel pathogens affecting humans and
livestock.1 Early detection and/or identification of the
causative agent plays a pivotal role in minimising the
impact of any infectious disease outbreak, especially for
those caused by previously unknown pathogens. This
review describes some of the recent zoonotic viral disease
outbreaks both in Australia and abroad and focuses on the
approaches and impact of virus discovery during disease
investigation. It also summarises current virus discovery
strategies and future trends in this area. While this review
focuses on the importance of molecular techniques in
virus discovery, it should be emphasised that virus isolation and serological investigation is equally important
in the investigation of diseases caused by previously
unknown viruses.
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A brief review of virus discovery with or without
associated diseases
Hendra virus
In September 1994, a mysterious disease outbreak, with
primarily respiratory presentation, occurred in a horse stable
in Hendra, Brisbane. It claimed the life of the horse trainer
and 13 of his high value horses. A stable hand on the property
also suffered a severe respiratory illness, but survived the
infection. Three days after receiving horse specimens at
the CSIRO Australian Animal Health Laboratory, cytopathic
effect was observed in cultures of Vero cells inoculated with
lung homogenates from deceased horses. Similar results
were observed with human specimens a few days later.
Electron microscopic analysis indicated the presence of a
viral agent with a morphology resembling paramyxovirus.
Further polymerase chain reaction (PCR) analysis using
degenerate primers demonstrated a partial sequence of the
matrix protein gene most similar to the cognate genes of
morbilliviruses in the family Paramyxoviridae. A challenge
experiment conducted under stringent biocontainment conditions at the CSIRO Australian Animal Health Laboratory
demonstrated that the isolated virus was able to kill horses
4–5 days after infection and a similar clinical presentation,
and the virus was re-isolated from infected animals, fulfilling
all four requirements of the original Koch’s postulate.
Hendra virus was therefore the causative agent of the
zoonotic viral disease outbreak.2 About a year later it was
determined that flying foxes are the natural reservoir of this
novel virus.3 Since 1994, there have been 14 recorded Hendra
virus outbreaks, together responsible for the death of more
than 40 horses and four humans.
Nipah virus
From late 1998 to early 1999 in peninsular Malaysia,
an unusual surge of encephalitic disease was detected in
people dealing with live pigs. The incidents coincided with
outbreaks of respiratory disease in pigs. A novel virus was
isolated from human patients, which was closely related
to the Hendra virus.4 It was named Nipah virus after the
name of the village of the index case, and later proved to be
the causative agent of both the human and pig disease. It is
now known that different strains of Nipah virus are widely
distributed in bats from Indonesia, Malaysia, Thailand,
India, Bangladesh, Madagascar and west African nations.5
Since the Malaysian outbreaks, Nipah virus has emerged
almost annually in Bangladesh. In total, the virus has
claimed the lives of more than 250 humans with mortality
rates ranging from 40 to 100%.
To confirm that Nipah virus also uses bats as its natural
reservoir, field surveillance studies were carried out to
detect virus in bat urine on Tioman Island in Malaysia.
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In addition to the isolation of Nipah virus, two new viruses
were discovered: Tioman virus (a paramyxovirus) and
Pulau virus (a reovirus). The significance of these ‘accidental’ discoveries will be explored later in this paper.

Menangle virus
Menangle virus was isolated in 1997 from stillborn piglets
with deformities at a large commercial piggery in New
South Wales.6 The virus was found to be responsible for a
single outbreak of reproductive disease, causing reduced
farrowing rate and stillbirths with deformities. Serum
samples from two humans, who were in close contact with
infected pigs and suffered a flu-like illness, were found to
have high levels of convalescent neutralising antibodies to
Menangle virus. Extensive serological testing showed no
evidence of any alternative cause. It is believed therefore
that the human illness was caused by Menangle virus,
demonstrating a zoonotic potential that is yet to be fully
characterised. Although the exact origin of the virus was
not known at the time of the outbreak, serological studies
indicated the presence of neutralising antibodies in bats.
The bat origin was further corroborated by comparative
genome sequencing, which indicated that the Menangle
virus is highly related to the batborne Tioman virus
identified in Malaysia.7

SARS virus
The severe acute respiratory syndrome (SARS) coronavirus was responsible for the first serious and widespread
zoonotic disease outbreak of the 21st century, having a
huge global impact on health, travel and economy.8 The
great global impact of the SARS outbreak was in some
ways intensified by the delay in identifying the causative
agent of the disease. From November 2002, a mysterious
disease known as ‘atypical pneumonia’ was rapidly
spreading in southern China, exacerbated by several intensive nosocomial transmissions. It took almost 6 months
before a novel coronavirus was isolated by the joint effort
of the WHO SARS Collaborative Network.8 Within a few
weeks of virus identification, the whole genome sequence
was determined. This in turn facilitated the development
and distribution of molecular and serological tests which
played an essential role in the eventual control of the global
pandemic. It is important to note that the global outbreak
was under control within 3 months of the discovery of the
causative agent. The genomic sequence information also
played an important role in the identification of civets as
the main intermediate host responsible for transmitting the
virus to humans and bats as a potential natural reservoir of
the SARS virus and other highly related coronaviruses.8,9

Melaka virus
Reoviruses (respiratory enteric orphan viruses) were first
discovered in the 1950s and named orphan viruses due to
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the failure to associate them with any known human
disease. As mentioned previously, Pulau virus was isolated
during a search for Nipah virus in bat urine samples, which
is closely related to Nelson Bay virus isolated from
Australian bats in the early 1970s.10 The disease-causing
potential of neither virus was known. In 2006, during an
investigation of a small cluster of patients in a Malaysian
family suffering from severe flu-like symptoms, a virus
was isolated and named Melaka virus. Electron microscopic examination revealed a reovirus-like structure.
Using the sequence information and reagents developed
for Pulau and Nelson Bay viruses, rapid confirmation of
Melaka virus as a zoonotic reovirus was achieved within
2 weeks. Melaka virus represents the first reovirus known
to cause severe acute disease in humans. Since then, at least
two additional bat reoviruses have jumped species to infect
humans and cause respiratory disease.11

A new arenavirus
In 2008, three Australian recipients of a visceral organ
transplant from a single donor died of a febrile illness
4–6 weeks after transplantation. Due to the nature of the
disease, involvement of an infectious agent was suspected.
However, bacterial and viral culture revealed no candidate
pathogens. PCR assays for most known human viral and
bacterial pathogens, and pan-viral and pan-microbial oligonucleotide microarray analyses also failed to identify any
potential agent. Eventually, the causative agent was identified by unbiased high-throughput sequencing.12 Out
of 103 632 sequencing reads obtained from total RNA
extracted from different organ tissues of two patients,
14 sequences were shown to be related to Old World
arenaviruses, with lymphocytic choriomeningitis virus
being the most related. Subsequent virus isolation from
frozen kidney samples was successful. While not all of
Koch’s postulate conditions were fulfilled, the fact that
all four patients (donor and three recipients) had virusspecific antibodies and all recipients had viral RNA in their
circulation was considered compelling evidence that the
arenavirus was the cause.12

Reston Ebola virus
Ebola viruses are members of the family Filoviridae
associated with acute fatal haemorrhagic diseases of
humans and non-human primates. Among the five known
species of Ebola viruses, Reston Ebola virus is the only one
thus far not associated with disease in humans although
nonsymptomatic infection has been observed in humans
in the United States and Philippines. Recently it has been
shown that African fruit bats are the likely natural host of
the African species of Ebola virus. It is not known whether
this is also the case for Reston Ebola virus, so far only
detected in non-human primates in the Philippines. During
an investigation for respiratory and reproductive disease
syndrome in domestic pigs in the Philippines, multiple cell

PCR: polymerase chain reaction.
PCR-MS: polymerase chain reaction mass spectroscopy.

Substantially more expensive
than other methods and
requirement for highly
trained operators
Unbiased, highly sensitive and
specific and can be used on
samples of any origin

Identification of new viruses by
bioinformatic process to match random
sequence reads with database of all known
viral sequences

High-throughput sequencing

Very time consuming and
requires highly skilled
operators

Discovery of any new viruses
which share minimal
sequence identity with any of
the known viruses

Discovery of any new viruses
which share minimal
sequence identity with any of
the known viruses

Highly sensitive and specific

Removal of host nucleic acid sequences by
hybridization before sequencing the
enriched random nucleic acid pool

Subtractive hybridization

Issues with sensitivity and
specificity when used to
probe samples from tissue
origin

No prior knowledge is
required and can be applied to
viruses of different origin (e.g.
human, animal, plant
or insect viruses)

Discovery of any new viruses
which share sufficient
sequence identity with any of
the known viruses

Detection of viral nucleic acid through
hybridization with probes designed using
conserved sequences of all known viruses
on a microarray chip

Microarray

High cost and requirement for
specific capital equipment
that few laboratories can
afford

Multiplicity and sensitivity

Simultaneous detection of multiple targets
using multiplex PCR followed by mass
determination of amplified PCR products
and database matching

Multiplex PCR-MS assays

Not as sensitive or specific as
virus-specific PCR, not suitable
for new viruses

Surveillance and discovery of
related viruses

PCR amplification of a highly conserved
region of a group of viruses, usually
involving the use of degenerate primers

Group- or family-specific PCR

Not suitable for virus variants
or new viruses

Low cost, high specificity and
sensitivity, easy to operate
Lost cost and easy to operate

Rapid diagnosis and
investigation of new host
range of a known virus

PCR amplification of any specific region of a
known virus sequence

Species-specific PCR

Major disadvantage

Major advantage

Surveillance and discovery of
related viruses

Applications

Principle

Technology

Table 1. Comparison of current molecular technologies used in virus discovery
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lines were used for virus isolation. In addition to the
isolation of the porcine reproductive and respiratory syndrome virus, which was the main suspected causative
agent, cytopathic effect was unexpectedly detected in Vero
cells which are nonpermissive to the porcine virus. To
investigate the identity of this virus, viral nucleic acid
materials were tested using a pan-viral microarray. It was
revealed that this unknown agent was the Reston Ebola
virus.13 This is a highly significant discovery, widening
the host range of Ebola virus to domestic pigs. Of the
141 individuals who worked on pig farms or with swine
products, six had Ebola-specific antibodies, confirming
pig-to-human transmission.13

Different pathways to virus discovery
The examples of virus discovery reviewed in this paper
were selected to highlight two points: (1) most are associated with bats; and (2) virus discovery goes beyond finding
previously unknown viruses: it is equally important to
discover related viruses or new hosts of known viruses.
Although most of the discoveries of new viruses were
made as a result of disease investigation, there are also
examples where orphan viruses were ‘accidentally’ discovered, and later proved to be highly useful in the
investigation of disease outbreaks caused by viruses closely
related to them. Faced with the rapid technology advances
in virus discovery, it is expected that more and more
orphan viruses will be discovered. The appropriate sharing
of orphan virus reagents and information in the international community will be crucial for effective future
responses to infectious disease caused by novel viruses.
It should also be noted that the causal relationship
between a virus and disease may be established by modern
technologies without fulfilling all four conditions specified
in the original Koch’s postulates.14 This was best illustrated
by the description of the identification of a new arenavirus
as the causative agent of a disease that resulted in the
deaths of three transplant patients from the same donor.12

Increasing importance of molecular approaches
to virus discovery
It is evident from all the cases reviewed in this paper that
molecular techniques played a pivotal role in the discovery
of new viruses. The various molecular techniques currently
being used for virus discovery are summarised in Table 1.
While virus-specific PCR is a powerful tool for diagnosis
and investigation of new host ranges of known viruses, its
usefulness in the discovery of new viruses is rapidly being
superseded by more advanced molecular technologies.
Multiplex PCR-MS (mass spectroscopy) assays such as
the Ibis T500 biosensor system15 and the MassTag PCR16
are extremely powerful tools for investigating multiple
microbe targets,17 however very few laboratories can afford
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the high cost equipment required. Microarrays containing
oligonucleotide probes to all known viruses were at one
stage considered the future of virus discovery,18,19 but their
performance has not met initial expectations due to issues
with sensitivity and specificity when tissue samples are
used. Currently, the most powerful and promising method
of rapid agent identification is the unbiased highthroughput sequencing strategy.12,17 Although currently
expensive, its application is expected to increase and with
this the cost will decrease. Also, consideration of its speed
(within days) and definitive nature will likely outweigh the
cost, especially during the investigation of emergency
disease outbreaks. The success rate of virus discovery in
raw tissue samples can be increased by combining subtractive cDNA hybridization7 and high-throughput
sequencing.

Conclusion
The most advanced molecular tools described in this paper
are available in only a small number of specialised laboratories around the world. Their effective application is
therefore dependent on close international collaboration
and networks involving both human and animal health
professionals, and laboratories in both developed and
developing nations. Technology advance in other areas
will also play a role in shaping the future of virus discovery; these include the development of more efficient
sequence data management and bioinformatics tools, the
development of specialised cell lines to increase the chance
of successful isolation of live viruses,20 and the development of high density protein or peptide arrays for serological examination of antibodies cross-reactive with highly
conserved epitopes of all known viral proteins.17
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