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Abstract. Although endogenous retroviruses are
ubiquitous features of all mammalian genomes, the
process of initial germ line invasion and subsequent
inactivation from a pathogenic element has not yet
been observed in a wild species. Koala retrovirus
(KoRV) provides a unique opportunity to study this
process of endogenisation in action as it still appears to
be spreading through the koala population. Ongoing
expression of the endogenous sequence and conse-
quent high levels of viraemia have been linked to

neoplasia and immunosuppression in koalas. This
apparently recent invader of the koala genome shares
a remarkably close sequence relationship with the
pathogenic exogenous Gibbon ape leukaemia virus
(GALV), and comparative analyses of KoRV and
GALVare helping to shed light on how retroviruses in
general adapt to a relatively benign or at least less
pathogenic existence within a new host genome. (Part
of a Multi-author Review)
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Introduction

Endogenous retroviruses and retroviral elements are
a ubiquitous feature of vertebrate genomes. They have
been found in all genomes studied to date and make
up a significant percentage of the total genomic
sequence in species where they have been studied in
detail. For example, up to 8 – 10 % of the human and
mouse genomes are thought to be of retroviral origin
[1]. In many cases these sequences have been found to
be closely related to those of exogenous (horizontally
transmitted) viruses but are mostly inactive. Despite
their apparent universal presence in vertebrate ge-
nomes, the process of initial retroviral colonisation
(endogenisation) of a wild species genome has not yet
been observed [1].
Koala retrovirus (KoRV) was originally isolated as
part of an investigation into the cause of leukaemia,
lymphoma and immunosuppression in koalas [2]

(Fig. 1). Exogenous retroviruses are known to cause
these syndromes in other species, with the best-
studied examples being retroviruses of cats and mice
[3]. KoRV was found by sequence analysis to be
closely related to a pathogenic exogenous virus of
gibbons, gibbon ape leukaemia virus (GALV) – so
closely related in fact, that these viruses appear to be
conspecific (derived from a common ancestral virus)
and may have arisen via a recent species jump between
koalas and gibbons, most likely via a rodent inter-
mediate [2]. However KoRV is an endogenous virus,
albeit a very active one and linked to disease in its
host. Recent studies have demonstrated that KoRV
most likely entered its host within the last 200 years
and is still undergoing the process of endogenisation
[4]. It still displays many of the features of an
exogenous virus such as the ability to produce
infectious virus particles and variability in proviral
copy number and sequence [4]. But when compared
with GALV it appears to have undergone some
modifications that reduce its replication efficiency in
murine and human cells [5, 6]. Other work has* Corresponding authors.
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indicated that KoRV is capable of productive infection
in rats and may have inherent immunosuppressive
properties [7]. Overall, this group of viruses is begin-
ning to provide early clues as to how the endogenisa-
tion process occurs, but much remains to be clarified.

Endogenous retroviruses

Retroviruses insert DNA copies of themselves into
the host cell genome as part of their natural lifecycle.
A consequence of this unusual lifecycle is that if viral
genes become inserted into the host�s germ line tissue,
they can become inherited. This has led to the
existence of two classes of retrovirus – exogenous,
horizontally transmitted viruses and endogenous
inherited viruses [8].
Endogenous retroviruses comprise genetic elements
with a recognisable version of the classic retroviral
structure [LTR-gag/pro/pol/env-LTR] that is integrat-
ed into the germ line cells of the host organism [8]. As
noted above, they are present in all vertebrates
studied to date, including birds, reptiles, marsupials,
placental mammals and fish [9, 10]. In most cases they
are very ancient insertions and have co-evolved with
or perhaps even triggered speciation within their hosts
[9]. The more extensively studied host species contain
multiple groups of endogenous retroviruses from a
number of retroviral genera.
Many ancient endogenous retroviruses are almost
unrecognisable, missing entire genes or with highly
divergent LTR regions. More recently endogenised
retroviruses exhibit a higher degree of similarity to
exogenous viruses, and indeed some remain func-
tional [8]. In general, endogenous retroviral inserts
are conserved across all members of a species. More

variation is seen in the modern endogenous retro-
viruses; however, members of individual breeds or
sub-strains usually have a highly conserved comple-
ment of endogenous retroviral elements [8, 11, 12].
Phylogenetic studies of endogenous and exogenous
retroviruses have demonstrated that related retroviral
elements are found in similar species [9, 13]. This
indicates that retroviruses have in general co-evolved
with their hosts. There are, however, exceptions to
this, including that between KoRV and GALV, be-
tween RV-Echidna (an endogenous retrovirus of
echidnas) and SNV (exogenous spleen necrosis retro-
virus of ducks), and between RD114 (an endogenous
virus of cats) and BaEV (baboon endogenous retro-
virus) [9, 14]. Where similar viruses exist in such
diverse species, there is presumed to have been a
cross-species transmission event. Separate analysis of
endogenous retroviral env and pol genes that results in
different phylogenetic clustering of viruses also in-
dicates that some have probably arisen by recombi-
nation [13].
While endogenous retroviruses are usually inactive
within the genome, some cell lines can be stimulated to
produce infectious virus, and some strains of mice and
chickens will spontaneously produce virus [8]. Sup-
pression of replication of these viruses is affected by
host cell methylation, though whether this is the cause
or effect of inactivation is debatable [8, 15,16].

A retrovirus of koalas

KoRV was initially discovered during the course of an
investigation of haematopoietic neoplasia in koalas
[2]. This work followed earlier suggestions of a viral
aetiology for koala lymphosarcoma [17, 18]. The

Figure 1. (A) Juvenile koala
photographed on Raymond Is-
land. (B) Peripheral blood smear
from a leukemic koala showing
typical neoplastic myeloid cells.
(C) Electron micrograph of a
thin section of bone marrow
from a leukemic koala with en-
veloped viral particles showing
typical central dense cores. Scale
bar is 250 nm.
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suggestion gained more credence with the finding by
electron microscopy of gammaretrovirus particles in
bone marrow from a leukaemic koala [19]. This was
followed by a similar report from the San Diego zoo of
gammaretroviral particles in peripheral blood mono-
nuclear cell (PBMC) cultures of koalas from a colony
with a high incidence of neoplasia and opportunistic
infection [20]. The tumours in this report were multi-
centric lymphoma, osteosarcoma of the long bones
and osteochondroma of the bones of the skull. These
workers also reported PCR amplification of a portion
of a reverse transcriptase gene, though not its se-
quence.
Hanger et al. [2] reported gammaretrovirus particles
by electron microscopy in mitogen-stimulated PBMC
cultures from 163 of 166 koalas tested and lymphoma
tissue from three koalas. They also reported the full
nucleotide sequence of this novel gammaretrovirus,
which they designated KoRV. KoRV was found to be a
complete endogenous virus with intact gag, pol and
env reading frames [2]. The virus also had intact 3’ and
5’ LTR regions, CAAT and TATA boxes and a poly A
site, indeed all the components necessary for a
replication-competent retrovirus. Provirus was de-
tected by PCR in all koalas tested (17 animals)
whether healthy or diseased and in multiple tissues
tested by Southern hybridisation (2 animals), suggest-
ing that KoRV was an endogenous retrovirus. RNA
transcripts were present in the circulating white blood
cell fraction and serum of all animals tested (10
animals). Reverse-transcriptase activity from PBMC
cultures was also detected (9/32 animals), indicating
that the virus was being actively transcribed [2].

A close relationship with gibbon ape leukemia virus

KoRV displays a 78 % similarity at the nucleotide
sequence level to GALV, a pathogenic exogenous
gammaretrovirus of gibbons [2]. Phylogenetic analy-
sis also grouped KoRV and GALV together, separate
from other gammaretroviruses (Fig. 2). Martin et al.
[9] had previously sequenced part of the KoRV pol
gene, calling it RV Koala, and had also noted the
unusual similarity to GALV [9]. Two viruses with this
degree of similarity are unlikely to have arisen
independently, and this raises the possibility of a
species jump having occurred, most likely via acquis-
ition from a third species. The sequence similarity also
suggests that they have diverged only recently –
perhaps as recently as decades ago [21], a situation
unprecedented in retroviral study where the most
recent previously reported endogenisation event was
a porcine endogenous retrovirus which is thought to
have entered its host approximately 3.5 million years

ago [22]. Given the evolutionary and geographical
isolation of koalas and gibbons, a host jump is likely to
have required an intermediate step, either through
human iatrogenic spread or an intermediate host
species.
GALV was first identified as an exogenous gammar-
etrovirus responsible for several epidemics of leukae-
mia and lymphoma in captive gibbon (Hylobates lar)
colonies. The initial isolation of the virus and demon-
stration that it was the causative agent of haemato-
poetic neoplasia was in 1972 from the SEATO
laboratory gibbon colony in Bangkok, Thailand [23 –
25]. Other disease outbreaks and virus isolations have
occurred, including at the San Francisco Medical
Center [26] and in an introduced free ranging pop-
ulation on Halls Island, Bermuda [27, 28]. There has
also been an isolation of a virus complex including a
replication-defective oncogene-containing virus along
with a helper virus in a pet woolly monkey (Lagothrix
sp) in California [29, 30]. Strains of the virus are
named after the place, tissue or species they were first
isolated, hence GALV-SEATO (which refers to iso-

Figure 2. Neighbor-joining tree showing the phylogenetic related-
ness of selected gammaretroviruses with the close relationship
between KoRV and GALV highlighted in bold. Both exogenous
and endogenous retroviral sequences were retrieved from se-
quence databases and aligned in Vector NTi. A stretch of 570
nucleotides from the reverse transcriptase coding region of each
was then used to generate the tree. BoEV, X99924; MeEVII,
X99927; RV edible frog, AJ236118; RV African dwarf crocodile,
AJ236124; RV bower bird, AJ236114; RV partridge, AJ236125;
KoRV, AJ236122; GALV, NC001885; MuRRS, X02487; TaEV
free-tailed bat, X99933; FeLV, NC001940; Friend MuLV,
NC001362; MoMuLV, NC001501; Rauscher MuLV, NC001819;
VuEV redfox, X99935; RV opossum, AJ236123; RV echidna,
Aj236114; RV puff adder, AJ236110; HERV-E, M10976; PERV-A,
NC003059.
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lates obtained from a Southeast Asian Treaty Organ-
ization colony), GALV-SF (San Francisco), GALV-H
(Halls Island), GALV-Br (brain tissue) and WMSV
(woolly monkey sarcoma virus) [28]. There have also
been several reports of the isolation of GALV strains
from human cell cultures [31–33], although these are
thought to have been laboratory contaminations rather
than virus infection of the original human tissues.
GALV has been shown to be transmissible to juvenile
gibbons, resulting in granulocytic leukaemia, anaemia
and proliferative bone lesions [25]. Different strains of
the virus cause myelogenous leukaemia or lympho-
cytic leukaemia, and these strains appear to be
relatively stable on passage [34, 35]. However, this
was determined using liquid hybridisation techniques,
and the exact nature of these differences has not been
fully described. In experimental studies, gibbons that
mount a neutralising antibody response do not devel-
op disease, whereas those that do not produce anti-
body go on to become persistently viraemic and
develop disease [26]. In serological surveys of captive
colonies it appears that a low percentage of apparently
healthy gibbons are seropositive for GALV [24, 36].
Animals affected by disease range in age from 3.5 to 8
years, the disease course lasting from 3 months to 3
years. GALV is shed in urine and faeces, but its exact
mode of transmission is uncertain [36].
Natural transmission of the virus has been known to
occur both pre- and post-natally, with animals infected
in utero developing higher proviral loads. It is possible
that the animals infected in utero had endogenised the
virus, as it was detected in muscle tissue by liquid
hybridisation techniques, though this signal may have
been due to blood contamination [37]. Animals
infected post-natally only have detectable virus in a
limited range of tissues, and uninfected or antibody-
positive animals do not demonstrate viral inserts in
tissues by Southern blotting or molecular hybridisa-
tion [37, 38]. Interestingly, there is some evidence for
truncated GALV proviral inserts in tumour tissues,
though there has been no study on the significance of
these findings [38].
The SSV/SSAV (simian sarcoma/simian sarcoma-
associated virus now known as woolly monkey sarco-
ma virus or WMSV) complex of viruses has been
isolated only once from a male woolly monkey
(Lagothrix sp.) suffering from multiple fibrosarcomas,
myelofibrosis and myeloid metaplasia presented to a
veterinary clinic in the United States [29]. It is very
likely that the monkey contracted the virus from a
gibbon it was housed with that had died from
leukaemia [30]. Early studies of this virus complex
relied on methods such as antigen-based radioimmu-
noassay and restriction enzyme digest mapping to
demonstrate the similarity of GALVand WMSV [39 –

41]. However, with the advent of molecular techni-
ques and routine sequencing techniques, it was
revealed that SSV was a replication-defective virus
containing an oncogene (v-sis) replacing part of the
envelope gene of SSAV (the replication-competent
component of the complex). This oncogene is respon-
sible for the rapid cell transformation characteristic of
this virus [42]. Sequencing of the GALV SEATO
strain revealed it to be identical to partial sequences of
the non-oncogene components of SSAV [30]. The
GALV SEATO strain has a classic minimal gammar-
etrovirus sequence without any oncogenes or any
accessory proteins.
Further studies on GALV have focused on its receptor
usage. GALV is known to infect a wide variety of cell
lines, including human cell lines, though its potential
for zoonotic transmission has not been fully explored.
Its cellular receptor is known to be the ubiquitous
sodium-dependent phosphate transporter (PiT 1)
[43 – 45]. The wide species and cellular tropism of
GALV has led to its popularity in trials of potential
vectors for gene therapy [31, 43, 46– 48].

Retroviruses of Asian rodents

Endogenous retroviruses antigenically related to
GALV have been isolated by co-cultivation of cell
lines from Asian rodents (Mus caroli, Mus cervicolor
and Vandeleuria oleracea) with more standard cell
lines. There has been a suggestion that GALV may
have arisen from cross-species transmission of these
viruses [49 – 51], as hybridisation studies indicate that
they are probably endogenous elements that are
closely related to GALV, and to each other [52, 53].
Two separate viruses have been isolated from Mus
cervicolor [52], and the receptor usage of one of
these, M813, has been studied in more detail. This
isolate has been shown to have a novel receptor usage
when compared with other MuLVs [54] and induces a
T-cell lymphoma when inoculated into laboratory
mouse (Mus musculus) strains DBA/2J or DDD [55].
A more recently identified endogenous virus has
been isolated from cultured tail fibroblasts of Mus
dunni [56] and has been characterised as having a
very wide potential host cell range reflecting a
different receptor usage to other gammaretroviruses
[57]. The full sequence of this virus has been
determined, and it has been shown to have a simple
gammaretroviral structure. The LTR regions are
closely related to murine VL30 elements, while the
coding sequences are most closely related to GALV,
though the phylogenetic analysis presented in this
paper is not extensive [58] . The sequence of the other
Asian rodent viruses has not been determined, and
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no studies have been performed as to the prevalence
of these viruses in wild populations. However, they
remain the most likely candidates for the origin of
GALV and KoRV.

A newly endogenised virus

As described above, KoRV was originally thought to
be an endogenous retrovirus, albeit a very active one.
Our work confirmed that KoRV was linked to
hematopoietic neoplasia in koalas [59]. The produc-
tion of gammaretroviral particles from lymphoma
tissue of koalas was observed, and using real-time
PCR measurements of viral RNA levels in blood as a
marker of viraemia, a statistically significant relation-
ship between high viral load and neoplasia was found.
A trend towards high viral load being associated with
clinical chlamydial disease was also seen. Chlamydio-
sis is accepted as the major disease problem in koala
populations, causing ocular and urogenital infections;
however, many animals carry the organism without
pathogenic consequence. Expression of disease is
thought to be due in part to an underlying immuno-
suppressive state, a known consequence of retroviral
infection. It has been postulated that the high levels of
KoRV viraemia may be directly responsible for the
induction of this immunosuppression in koalas [4].
Indeed, the viral loads in some koalas were extreme
and resemble those found in cats with end-stage
disease caused by FeLV. The disease associations of
the virus and the high level production of viral
particles are typical features of exogenous viruses
[59], suggesting that KoRV in some respects behaves
more like an exogenous virus than an endogenous one.
Despite these exogenous characteristics, KoRV was
definitively demonstrated to be an endogenous virus in
south-east Queensland koalas [4]. The virus was shown
to be present in koala sperm by single-cell fluorescent
in situ hybridisation (FISH) and single-cell PCR and to
be inherited as a normal Mendelian allele by Southern
blotting of blood cell DNA from a group of related
animals. Banding patterns in offspring were shown to
be a combination of parental patterns, with some bands
inherited across three generations. However, it was also
demonstrated that KoRV is not yet a fixed endogenous
retroviral element, as proviral copy number and
sequence varied markedly between individual animals
as did the number and pattern of proviral insertions [4].
FISH performed on chromosome spreads derived from
koala PBMCs revealed proviral inserts scattered
throughout the koala genome [4]. The proviral insert
pattern on chromosome spreads from different koalas
appeared to vary markedly, consistent with the South-
ern blotting data [60].

Koalas in southern Australia have a unique history,
having been nearly exterminated by hunting pressure
in the late 19th century. In South Australia and parts of
Victoria the species was made locally extinct and was
only preserved by the establishment of island pop-
ulations which were then used to restock the main-
land. These populations are mostly descended from
the colony established on French Island in the Western
Port district of Victoria in the 1890s [61]. The study by
Tarlinton et al. [4] found that animals from one of
these island populations (Kangaroo Island) that had
been isolated since the 1920s appeared to be free of
KoRV, while koalas in the southern state of Victoria
were found to have a mixed prevalence of KoRV
proviral insertions. This epidemiological pattern
strongly suggests a spreading disease front. When
combined with the earlier phylogenetic analysis, it
strongly suggests that KoRV has entered the koala
population only within the last 200 years and is still
undergoing endogenisation.
Infectious KoRV has also been isolated from koala
peripheral blood mononucleocytes co-cultured with a
variety of standard cell lines [7]. It was found to
replicate in human 293 kidney cells, human T-lym-
phocyte cell lines C1866 and CEM, and rat fibroblast
cells (rat 1) [7]. The virus isolate was used to infect
Wistar rats with productive infection demonstrated by
proviral integration, viral protein (env) detection,
increasing viral load measured by real-time PCR and
recovery of infectious virus from rat PBMCs. The rats
ultimately controlled the infection, with no virus
detectable after 63 days. One rat in this study
developed fibrosarcoma. However, it is unclear
whether this was linked to KoRV infection. This
study clearly demonstrated that KoRV is able to
replicate as an exogenous virus and productively
infect rodent hosts, lending credence to the rodent
intermediate host theory. They also reported the
induction of neutralising antibodies in rats immunised
with the recombinant ectodomain of the KoRV trans-
membrane (TM) protein p15, a component of env
(Fig. 3), suggesting that the development of vaccina-
tion strategies aimed at preventing the spread of the
virus in isolated KoRV-free koala populations may be
possible. It has been suggested that retroviral-induced
immunosuppression in koalas plays a key role in the
high incidence of opportunistic infections such as
chlamydiosis [2]. Feibig et al. further showed that
when added to human PBMCs in culture, purified
KoRV was able to stimulate the increased production
of IL-10, IL-6 and MCP-1, known markers of lym-
phocyte proliferation inhibition [7]. They proposed
that this was a consequence of the activity of a
potential immunosuppressive domain (ISD) within
the TM protein (Fig. 3). This region of the retroviral
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envelope gene product is highly conserved, as it is
embedded within the region of TM that plays a critical
role in the formation of the post-fusion coiled-coil
structure that drives viral and host cell membrane
fusion. The ISD is found within the TM domain of
many retroviruses and consists of a small 17-amino
acid sequence which is thought to be directly immu-
nosuppressive by as yet unknown molecular mecha-
nisms [62]. Further studies will be necessary to
confirm whether this ISD, in its native configuration
contributes to the underlying immunosuppression of
koalas endogenised by KoRV.

Oliveira et al. [5] focused on KoRV envelope gene
receptor usage in comparison with GALV. They
created a KoRV/GALV chimeric env gene pseudo-
type and found that the KoRV env gene variable
region sequences (variable regions A and B) affords
viral entry into a variety of cell lines, including mouse

(MDTF, SC1, NIH3T3, MMK), rat (NRK), human
(293T and HOS), bovine (MDBK) and hamster
(BHK, E36). This contrasts with the observation by
Fiebig et al. [7] that KoRV did not replicate in
NIH3T3 cells. The two groups, however, used differ-
ent systems (wild-type KoRV versus KoRV pseudo-
typed vectors) to study the cell susceptibility of
different KoRV isolates with slightly different se-
quences. Sequencing of wild-type KoRV envelope
genes indicates considerable variation with a variety
of viral env quasispecies present in individual ani-
mals [60]. It seems likely that different quasispecies
may have different cell tropism and replication
efficiencies as has been previously reported for
HIV [63]. Oliveira et al. [5] also presented interfer-
ence assay data suggesting that the KoRV/GALV
chimera also uses the human and murine PiT1 as its
receptor.
This same group compared the infectivity of the
KoRV and GALV envelope proteins in pseudotyped
MuLV constructs with KoRV or GALV gag/pol or env
proteins substituted for the equivalent murine ones
[6]. They reported a greatly reduced viral titre in
transfected murine cells for constructs containing
KoRV sequences when compared with those from
GALV. Mutation of the GALV gag/pol late domain
consensus sequence to that of the KoRV sequence
reduced GALV gag/pol infectivity. Similarly, the
KoRV env sequence showed decreased infectivity
when substituted for the GALV sequence. Compar-
ison of all 17 available KoRV [60] and 4 available
GALV sequences showed mutations in a conserved
CETTG motif (CETAG or CGTAG in KoRV)
between the two viruses. This sequence is known to
be present in exogenous but not endogenous murine
gammaretroviruses. Mutation of this sequence in the
GALV envelope to the KoRV sequence resulted in
decreased cell fusion after exposure to virus when
compared with the original GALV construct, confirm-
ing the key role of these residues. Substitution of the
KoRV residues T86, L87, Q141, P142 and R143, which
differ from the GALV receptor binding domain, also
demonstrated a marked reduction in viral titre. These
differences between viral sequences were proposed to
be adaptive changes in KoRV, reducing pathogenicity
and facilitating endogenisation [6]. Extending these
pseudotype studies to those employing natural isolates
of KoRV should reveal additional subtleties in KoRV-
host cell interactions [60].
The KoRV/GALV group of viruses presents a unique
opportunity to study the process of endogenisation of
retroviruses in action. Studies with these viruses have
already provided the first insights in to how simple
mutations can drastically alter virus infectivity, per-
haps reflecting the beginnings of reduced pathogenic-

Figure 3. Schematic of a simple gammaretrovirus. (A) genome
organization and selected features of the env gene product; PBS,
primer binding site; SU, surface unit or gp70; TM, transmembrane
or p15; CC, disulphide-bonded loop; ISD, putative immunosup-
pressive domain [62]. (B) KoRV sequence corresponding to the 17
amino acids defined as representing the ISD [62]. Peptides derived
from the equivalent region of MuLV and FeLV (dots represent
identical residues) have been shown to be immunosuppressive
[62,7]. (C) Schematic of the SU/TM structure anchored in the viral
membrane. MPER, membrane proximal ectodomain region. The
location of the putative ISD sequence is shown. This domain begins
within the N-helix, which is responsible for env trimer formation,
and ends at the beginning of the disulphide-bonded loop region,
which provides the core non-covalent interactions between SU and
TM on the mature virion.
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ity of endogenous retroviruses. They have also pro-
vided tantalising hints as to how cross-species trans-
mission may occur via third species intermediates (in
this case rodents) that need to be pursued further.
Study of the pathogenicity of the disease in wild koala
populations as it spreads over time will provide
invaluable information on whether both endogenous
and exogenous forms of the virus co-exist and how
both host and virus adapt and evolve to progress from
the current situation of high levels of virus induced
disease to a possible commensal arrangement.
There is also little known about GALV in wild gibbons
or about the retroviruses of potential rodent inter-
mediates. Characterisation of KoRVand GALV wild-
type isolates and the rodent intermediates may also
help to clarify the process of viral adaptation to
endogenisation. The rodent model of KoRV replica-
tion could be explored for the endogenisation poten-
tial of KoRV as well as the pathogenicity of the virus
and the potential for control of viral replication. The
inactivation and control mechanisms that various
hosts use, such as RNA silencing and the activity of
TRIM family proteins, also warrant exploration.
Overall this group of viruses provides a unique
opportunity to unravel some of the fundamental
processes by which endogenous viruses enter their
host species and how the hosts adapt to this viral
assault. The large number of retroviral sequences
littering vertebrate genomes indicates that they are
likely to play a significant role in mammalian evolu-
tion. Many authors have speculated on whether these
endogenous viruses have beneficial functions for their
hosts or are just the remnants of the constant
evolution between pathogen and host. The study of
this group of viruses will hopefully shed light on this
fundamental process in evolution.

Acknowledgements. This work was supported by Dreamworld
theme park and the Australian Research Council.

1 Gifford, R. and Tristem, M. (2003) The evolution, distribution
and diversity of endogenous retroviruses. Virus Genes 26, 291–
315.

2 Hanger, J. J., Bromham, L. D., McKee, J. J., O�Brien, T. M. and
Robinson, W. F. (2000) The nucleotide sequence of koala
(Phascolarctos cinereus) retrovirus: a novel type C endogenous
virus related to Gibbon ape leukemia virus. J. Virol. 74, 4264–
4272.

3 Rosenburg, N. and Jolicouer, P. (1997) Retroviral pathogenesis.
In: Retroviruses, pp. 457–587, Coffin, J. M., Hughes, S. H. and
Varmus, H. E. (eds.), Cold Spring Harbor Laboratory Press,
New York.

4 Tarlinton, R. E., Meers, J. and Young, P. (2006) Retroviral
invasion of the koala genome. Nature 422, 79–81.

5 Oliveira, N. M., Farrell, K. B. and Eiden, M. V. (2006) In vitro
characterization of a koala retrovirus. J. Virol. 80, 3104–3107.

6 Oliveira, N. M., Satija, H., I.A, K. and Eiden, M. V. (2007)
Changes in viral protein function that accompany retroviral
endogenization. Proc. Natl. Acad. Sci. USA 104, 17506–17511.

7 Fiebig, U., Hartmann, M. G., Bannert, N., Kurth, R. and
Denner, J. (2006) Transpecies transmission of the endogenous
koala retrovirus. J. Virol. 80, 5651–5614.

8 Boeke, J. D. and Stoye, J. P. (1997) Retrotransposons, endog-
enous retroviruses, and the evolution of retroelements. In:
Retroviruses, pp. 343–346, Coffin, J. M., Hughes, S. H. and
Varmus, H. E. (eds.), Cold Spring Harbor Laboratory Press,
New York.

9 Martin, J., Hernoiu, E., Cook, J., Waugh O�Neill, R. and
Tristem, M. (1999) Interclass transmission and phyletic host
tracking in murine leukemia virus-related retroviruses. J. Virol.
73, 2442–2449.

10 Herniou, E., Martin, J., Miller, K., Cook, J., Wilkinson, M. and
Tristem, M. (1998) Retroviral diversity and distribution in
vertebrates. J. Virol. 72, 5955–5966.

11 Kozak, C. K. and O�Neill, R. R. (1987) Diverse wild mouse
origins of xenotropic, mink cell focus-forming, and two types of
ecotropic proviral genes. J. Virol. 61, 3082–3088.

12 Mang, R., Maas, J., Chen, X., Goudsmit, J. and Van der Kuyl,
A. (2001) Identification of a novel type C porcine endogenous
retrovirus: evidence that copy number of endogenous retro-
viruses increases during host inbreeding. J. Gen. Virol. 82,
1829–1834.

13 Benit, L., Dessen, P. and Heidmann, T. (2001) Identification,
phylogeny, and evolution of retroviral elements based on their
envelope genes. J. Virol. 75, 11709–11719.

14 Tamura, T., Noda, M. and Takano, T. (1981) Structure of the
baboon endogenous virus genome: nucleotide sequences of the
long terminal repeat. Nucleic Acids Res. 9, 6615–6626.

15 O�Neill, R. J., O�Neill, M. J. and Graves, J. A. (1998) Under-
methylation associated with retroelement activation and
chromosome remodelling in an interspecific mammalian
hybrid. Nature 396, 68 –72.

16 Ono, T., Shinya, K., Uehara, Y. and Okada, S. (1989)
Endogenous virus genomes become hypomethylated tissue-
specifically during aging process of C57BL mice. Mech. Ageing
Dev. 50, 27–36.

17 Canfield, P. J., Brown, A. S., Kelly, W. R. and Sutton, R. H.
(1987) Spontaneous lymphoid neoplasia in the koala (Phasco-
larctos cinereus). J. Comp. Pathol. 97, 171–178.

18 Hueschele, W. P. and Hayes, J. R. (1961) Acute leukaemia in a
New South Wales koala (Phascolarctos cinereus). Cancer Res.
21, 1394–1395.

19 Canfield, P. J., Sabine, J. M. and Love, D. N. (1988) Virus
particles associated with leukaemia in a koala. Aust. Vet. J. 65,
327–328.

20 Worley, M., Rideout, B., Shima, A. and Janssen, D. (1993)
Opportunistic infections, cancer and hematologic disorders
associated with retrovirus infection in the koala (Phascolarctos
cinereus). In: Proceedings of the American Association of Zoo
Veterinarians, pp. 181–182. The American Association of Zoo
Veterinarians, St Louis, MO.

21 Bromham, L. (2002) The human zoo: endogenous retroviruses
in the human genome. Trends Ecol. Evol. 17, 91 –97.

22 Neibert, M. and Tonjes, R. R. (2005) Evolutionary spread and
recombination of porcine endogenous retroviruses in the
suiformes. J. Virol. 79, 649–654.

23 Kawakami, T. G., Huff, S. D., Buckley, P. M., Dungworth, D. L.
and Snyder, S. P. (1972) C-type virus associated with gibbon
lymphosarcoma. Nat. New Biol. 235, 170–171.

24 Kawakami, T. G., Buckley, P. M., DePaoli, A., Noll, W. and
Bustad, L. K. (1973) Studies on the prevalence of type C virus
associated with gibbon hematopoietic neoplasms. Comp. Leuk.
Res. 40, 385–389.

25 Kawakami, T. G., Kollias, J. R. and Holmberg, C. (1980)
Oncogenicity of gibbon type-C myelogenous leukemia virus.
Int. J. Cancer 25, 641–646.

26 Kawakami, T. G., Mcdowell, T. S., Johnson, D. L., Breznock,
A. L. and Harrold, J. B. (1975) Oncornavirus-host interactions
in gibbons. Comp. Leuk. Res. 43, 184–186.

27 Krakower, J. M., Tronick, S. R., Gallagher, R. E., Gallo, R. C.
and Aaronson, S. (1978) Antigenic characterization of a new

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 3419



gibbon ape leukemia virus isolate: seroepidemiologic assess-
ment of an outbreak of gibbon leukemia. Int. J. Cancer 22, 715–
720.

28 Reitz, M. S., Wong-Staal, F., Hasletine, W. A., Kleid, D. G.,
Trainor, C. D., Gallagher, R. E. and Gallo, R. C. (1979) Gibbon
ape leukemia virus-Hall�s Island: New strain of gibbon ape
leukemia Virus. J. Virol. 29, 395–400.

29 Theilen, G. H., Gould, D., Fowler, M. and Dungworth, D. L.
(1971) C-type virus in tumour tissue of a wooly monkey
(Lagothrix spp.) with fibrosarcoma. J. Natl. Cancer Inst. 47,
881–889.

30 Delassus, S., Sonigo, P. and Wain-Hobson, S. (1989) Genetic
organization of gibbon ape leukemia virus. Virology 173, 205–
213.

31 Parent, I., Vandenbroucke, A. T., Walon, C., Delferriere, N.,
Godfroid, E. and Burtonboy, G. (1998) Characterization of a C-
type retrovirus isolated from an HIV infected cell line:
complete nucleotide sequence. Arch. Virol. 143, 1077–1092.

32 Bergholz, C. M., Wolfe, G. A., Schulz, F., Deinhardt, N. R.,
Miller, N. R. and Reiz, M. S. (1980) Isolation of a virus closely
related to gibbon ape leukaemia virus from cells infected with
virus (HL-23V) released by human leukaemic cells. J. Gen.
Virol. 48, 111–121.

33 Reitz, M. S., Miller, N. R., Wong-Staal, F., Gallagher, R. E.,
Gallo, R. C. and Gillespie, D. (1976) Primate type-C virus
nucleic acid sequences (wooly monkey and baboon types) in
tissues from a patient with acute myelogenous leukemia and in
viruses isolated from cultured cells of the same patient. Proc.
Natl. Acad. Sci. USA 73, 2113–2117.

34 Sun, L., Kawakami, T. G. and Matoba, S. I. (1978) Genomic
stability of gibbon oncornavirus. J. Virol. 28, 767–771.

35 Sun, L. and Kawakami, T. G. (1980) Isolation and identification
of lymphocytic and myelogenous leukemia-specific sequences
in genomes of gibbon oncornaviruses. J. Virol. 35, 400–408.

36 Lowenstine, L. J. and Lerche, N. W. (1988) Retrovirus infec-
tions of nonhuman primates: a review. J. Zoo Animal Med. 19,
168–187.

37 Kawakami, T. G., L, S. and McDowell, T. S. (1978) Natural
transmission of gibbon leukemia virus. J. Natl. Cancer Inst. 61,
1113–5.

38 Wong-Staal, F., Reitz, M. S. and Gallo, R. C. (1979) Retrovirus
sequences in a leukemic gibbon and its contact: evidence for
partial provirus in the nonleukemic gibbon. Proc. Natl. Acad.
Sci. USA 76, 2032–2036.

39 Tronick, S., Stephenson, J. R., Aaronson, S. A. and Kawakami,
T. G. (1975) Antigenic characterisation of type C RNA virus
isolates of gibbon apes. J. Virol. 15, 115–120.

40 Gelmann, E. P., Trainor, C. D., Wong-Staal, F. and Reitz, M. S.
(1982) Molecular cloning of circular unintegrated DNA of two
types of the SEATO strain of gibbon ape leukemia virus. J.
Virol. 44, 269–275.

41 Trainor, C. D., Wong-Staal, F. and Reitz, M. S. (1982) Com-
parative restriction endonuclease maps of proviral DNA of the
primate type C simian sarcoma- associated virus and gibbon
ape leukemia virus group. J. Virol. 41, 298–308.

42 Devare, S. G., Reddy, E. P., Law, J. D., Robbins, K. C. and
Aaronson, S. A. (1983) Nucleotide sequence of the simian
sarcoma virus genome: demonstration that its acquired cellular
sequences encode the transforming gene product p28 sis.
Biochemistry 80, 731–735.

43 Olah, Z., Lehel, C., Anderson, W. B., Eiden, M. V. and Wilson,
C. A. (1994) The cellular receptor for gibbon ape leukemia
virus is a novel high affinity sodium-dependent phosphate
transporter. J. Biol. Chem. 269, 25426–25431.

44 O�Hara, B. , Johann, S. V., Klinger, H. P., Blair D. G., Rubin-
son, H., Dunn, K. J., Sass, P., Vitek, S. M. and Robins, T. (1990)
Characterisation of a human gene conferring sensitivity to
infection by gibbon ape leukemia virus. Cell Growth Differ. 1,
119–127.

45 Kavanaugh, M. P., Miller, D. G., Zhang, W., Law, W., Kozak,
S. L. and Miller, A. D. (1994) Cell-surface receptors for gibbon
ape leukemia virus and amphotropic murine retrovirus are

inducible sodium-dependent phosphate symporters. Proc.
Natl. Acad. Sci. USA 91, 7071–7075.

46 Miller, A. D. (1992) Human gene therapy comes of age. Nature
357, 455–460.

47 Miller, A. D., Garcia, J. V., von Suhr, N., Lynch, C. M., Wilson,
C. and Eiden, M. V. (1991) Construction and properties of
retrovirus packaging cells based on gibbon ape leukemia virus.
J. Virol. 65, 2220–2224.

48 Taylor, N., Uribe, L., Smith, S., Jahn, T., Kohn, D. B. and
Weinberg, K. (1996) Correction of interleukin-2 receptor
function in X-SCID lymphoblastoid cells by retrovirally
mediated transfer of the gamma-c gene. Blood 87, 3103–3107.

49 Leiber, M. M., Sherr, C. J., Todaro, G. J., Benveniste, R. E.,
Callahan, R. and Coon, H. G. (1975) Isolation from the Asian
mouse Mus caroli of an endogenous type C virus related to
infectious primate type C viruses. Proc. Natl. Acad. Sci. USA
72, 2315–2319.

50 Callahan, R. C., Meade, C. and Todaro, G. J. (1979) Isolation of
an endogenous type C virus related to the infectious primate
type C viruses from the asian rodent Vandeleuria oleracea. J.
Virol. 124–131.

51 Callahan, R., Benviniste, R. E., Sherr, C. J., Schidlovsky, G.
and Todaro, G. J. (1976) A new class of genetically transmitted
retrovirus isolated from Mus Cervicolor. Proc. Natl. Acad. Sci.
USA 73, 3579–3583.

52 Benveniste, R. E., Callahan, R., Sherr, C. J., Chapman, V. and
Todaro, G. J. (1977) Two distinct endogenous type C viruses
isolated from the asian rodent Mus Cervicolor; conservation of
virogene sequences in related rodent species. J. Virol. 21, 849–
862.

53 Callahan, R., Sherr, C. J. and Todaro, G. J. (1977) A new class
of murine retroviruses: immunological and biochemical com-
parison of novel isolates from Mus cervicolor and Mus caroli.
Virology 80, 401–416.

54 Prassolov, V., Hein, S., Zeigler, M., Ivanov, D., Munk, C.,
Lohler, J. and Stocking, C. (2001) Mus cervicolor murine
leukemia virus isolate M813 belongs to a unique receptor
interference group. J. Virol. 75, 4490–4498.

55 Prassolov, V., Ivanov, D., Hein, S., Rutter, G., Munk, C.,
Lohler, J. and Stocking, C. (2001) The Mus cervicolor MuLV
isolate M813 is highly fusogenic and induces a T-cell lymphoma
associated with large multinucleated cells. Virology 290, 39 –
49.

56 Miller, A. D., Bonham, L., Alfano, J., Kiem, H. P., Reynolds, T.
and Wolgamot, G. (1996) A novel murine retrovirus identified
during testing for helper virus in human gene transfer trials. J.
Virol. 70, 1804–1809.

57 Bonham, L., Wolgamot, G. and Miller, A. D. (1997) Molecular
cloning of Mus dunni endogenous virus: an unusual retrovirus
in a new murine viral interference group with a wide host range.
J. Virol. 71, 4463–4670.

58 Wolgamot, G., Bonham, L. and Miller, A. D. (1998) Sequence
analysis of Mus dunni endogenous virus reveals a hybrid VL30/
gibbon ape leukemia virus-like structure and a distinct
envelope. J. Virol. 72, 7459–7466.

59 Tarlinton, R., Meers, J., Hanger, J. and Young, P. (2005) Real-
time reverse transcriptase PCR for the endogenous koala
retrovirus reveals an association between plasma viral load and
neoplastic disease in koalas. J. Gen. Virol. 86, 783–787.

60 Tarlinton, R. E. (2006) Characterization of the epidemiology
and molecular biology of koala retrovirus (KoRV). PhD thesis,
University of Queensland, Brisbane.

61 Martin, R. and Handasyde, K. (1990) Translocation and the re-
establishment of koala populations in Victoria (1944–1988):
the implications for NSW. In: Managing Koalas in New South
Wales: Proceedings of the Koala Summit held at the University
of Sydney 7–8 November 1988, pp. 58–66, Lunney, D.,
Urquhart, C. A. and Reed, P. (eds.), NSW National Parks and
Wildlife Service, Sydney.

62 Cianciolo, G. J., Copeland, T. D., Oroszlan, S. and Synderman,
R. (1985) Inhibition of lymphocyte proliferation by a synthetic

3420 R. Tarlinton, J. Meers and P. Young Koala endogenous retrovirus



peptide homologous to retroviral envelope proteins. Science
230, 453–455.

63 Lori, F., Hall, L., Lusso, P., Popovic, M., Markham, P.,
Franchini, G. and Reitz, M. S. (1992) Effect of reciprocal

complementation of two defective human immunodeficiency
virus type 1 (HIV-1) molecular clones on HIV-1 cell tropism
and virulence. J. Virol. 66, 5553–5560.

To access this journal online:
http://www.birkhauser.ch/CMLS

Cell. Mol. Life Sci. Vol. 65, 2008 Review Article 3421

http://www.birkhauser.ch/CMLS

