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Abstract. The koala retrovirus (KoRV) is associated with outbreaks of Chlamydia and leukemia in 
wild and zoo koalas (Phascolarctos cinereus). Although endogenous retrovirus-like elements (ERVs) 
are common in the genomes of all vertebrates (comprising ca 8% of the human genome), KoRV is the 
only retrovirus known to be currently in the process of transitioning from exogenous to endogenous form. 
Here, we examine how other host-pathogen interactions, including other host-ERV systems, can inform 
our understanding of KoRV in koalas. We note that as an exogenous retrovirus becomes endogenous, 
there would be a dramatic reduction in mutation rates, which may shift the process of accommodation 
from the pathogen to the host. The low genetic diversity present in koalas may be in part responsible for 
the failure of the species to develop genetic resistance to KoRV. Isolation between koala populations may 
have hindered the geographic spread of the virus, but may also hinder selective sweeps of beneficial host 
alleles or beneficial proviral mutations, thereby precluding rapid increases in host fitness. In humans, some 
ERVs are involved in normal host functions such as placentation, or in the pathogenesis of diseases such 
as Hodgkin’s lymphoma. However, ERVs present in humans and other species are ancient, precluding 
prospective studies of germ line invasions. By contrast, the ongoing invasion of the koala germ line by 
KoRV provides a singular opportunity to study retroviral endogenization as it is occurring. This research 
can benefit the health of both humans and koalas.

Roca, Alfred L., and Alex D. Greenwood. 2014. The evolution of koala retroviruses: insights from other 
endogenous retroviruses. In The Koala and its Retroviruses: Implications for Sustainability and Survival, ed. Geoffrey 
W. Pye, Rebecca N. Johnson and Alex D. Greenwood. Technical Reports of the Australian Museum, Online 24: 5–10.

Endogenous retroviruses are common elements present in 
the genomes of all vertebrates examined, with ca. 8% of 
the human genome comprised of retrovirus-like elements 
(Bromham, 2002; Weiss, 2006; Pontius et al., 2007; Blikstad 
et al., 2008). Although some ERVs play a functional role in 
host health and disease in humans and other species (Roy-
Burman, 1995; Mi et al., 2000; Lamprecht et al., 2010), 
most ERVs exist as “junk DNA” with highly disrupted 
coding regions and no functional role (Roca et al., 2004; 
Roca et al., 2005; Pontius et al., 2007). Comparisons across 

the genomes of humans and other primates, and of other 
vertebrate lineages, have shown that ERVs have resulted 
from multiple invasions of and proliferations in the host 
germ line by retroviruses (Johnson & Coffin, 1999; Blikstad 
et al., 2008; Polani et al., 2010). Despite being ubiquitous, 
almost all known ERVs endogenized many thousands or 
millions of generations ago, making it difficult to infer the 
events that occur during and shortly after the invasion of a 
host germ line by an endogenizing retrovirus (Weiss, 2006; 
Blikstad et al., 2008).
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The koala retrovirus (KoRV) appears to represent an 
exceptionally recent invasion of a host germ line by a 
retrovirus (Hanger et al., 2000; Stoye, 2006; Tarlinton et 
al., 2006). Unlike any other known ERV, KoRV appears 
to be present in endogenous form in only some but not all 
members of the host species (Stoye, 2006; Tarlinton et al., 
2006; Simmons et al., 2012). Some populations of koala in 
southern Australia appear to be free or largely free of KoRV 
(Stoye, 2006; Tarlinton et al.; 2006; Simmons et al., 2012). 
KoRV also appears to persist as an exogenous virus, and thus 
provides the opportunity to study the transition of a retrovirus 
from exogenous to endogenous form on a “real time” basis 
(Stoye, 2006; Tarlinton et al., 2006; Simmons et al., 2012).

KoRV is associated with pathologies that affect both wild 
and zoo koalas, most notably Chlamydia infection and the 
formation of leukemias (Canfield et al., 1988; Hanger et al., 
2000; Tarlinton et al., 2005; Fiebig et al., 2006; Oliveira et 
al., 2006; Oliveira et al., 2007). In recent studies, we found 
that the functional features present today in KoRV have 
remained largely unchanged for more than a century (Ávila-
Arcos et al., 2013). We also found that KoRV was already 
ubiquitous in northern Australian populations in the late 
1800s, suggesting that the spread of KoRV geographically 
has been limited since at least that time (Ávila-Arcos et al., 
2013). Finally, the genetic variability of koalas, previously 
reported to be low in living populations, was found to be 
similarly low in ancient museum samples as well (Tsangaras 
et al., 2012). Here we examine how other host-pathogen 
systems can inform approaches to KoRV in koalas. We 
specifically examine other host-ERV interactions and how 
they can inform our understanding of KoRV, although the 
examples will include non-ERV and non-retroviral examples 
when these appear to be relevant.

Host-pathogen accommodation: potential role 
for population size and mutation rates

The evolution of a host-pathogen system may involve a 
process of co-adaptation between the pathogen and the host 
(Kerr, 2012). When a pathogen enters a new species, it may 
be especially pathogenic to the novel host. However, there 
may in some cases be evolutionary pressures for a virus 
to become less pathogenic over time (Kerr, 2012). Host 
genetic variation that provides resistance to the virus will 
be selected for, and any host variant that provides protection 
would be expected to undergo a selective sweep, becoming 
more common in the population (May & Anderson, 1979).

An important model for host-pathogen interaction is the 
myxoma virus infection of European rabbits in Australia 
(Kerr, 2012). Myxoma virus is a poxvirus naturally found in 
and benign to American rabbits (genus Sylvilagus). However, 
the virus is deadly to European rabbits, which are an invasive 
species and a major pest in Australia. In 1950, myxoma virus 
was released into the Australian rabbit population, spreading 
quickly across the continent. Initially the case fatality rate 
for infected rabbits was 99.8% (Kerr, 2012). But the virus 
quickly became attenuated, with a case fatality rate of 90% 
by the second season, suggesting that there was selective 
pressure, if only initially (May & Anderson, 1990), for the 
virus to become less deadly (Kerr, 2012). In time, the host 
species also became more resistant to the virus. Rabbits 
exposed to one particular grade of virus went from 90% to 
26% fatality over 7 generations, as genetic variants that made 
rabbits less susceptible to the virus became more common 
each generation (Kerr, 2012).

In considering the adaptation of myxoma virus and rabbits 
to each other, it is important to note that adaptations are 

likely to impact the pathogen population more quickly than 
they impact the host population (Mulvey et al., 1991; Kerr, 
2012). The genetic variation present within a lineage varies 
with mutation rate and population size (Tajima et al., 1998; 
Duffy et al., 2008). Each infected rabbit may carry a very 
large number of copies of the virus, thus the population size 
of the virus would be greater than that of affected rabbits, and 
the virus would also have a shorter generation time (Mulvey 
et al., 1991; Duffy et al., 2008; Kerr, 2012). This in turn 
would lead to a relatively larger number of new mutations 
in the virus, which would allow for greater adaptability of 
the virus to the rabbit than vice versa (Mulvey et al., 1991; 
Duffy et al., 2008).

This example of host-pathogen co-adaptation may be 
relevant to the koala-KoRV system. When KoRV first 
infected koalas as an exogenous retrovirus, the virus 
rather than the koala may have undergone most of the 
initial mutation that would drive the host and parasite to 
accommodate each other (Duffy et al., 2008). This may 
be especially true given that koalas appear to suffer from 
reduced genetic diversity (Wilmer et al., 1993; Tsangaras 
et al., 2012). KoRV appears to have developed a number 
of protein motifs that reduce its virulence vs. the closely 
related gibbon ape leukemia virus (GALV) (Oliveira et al., 
2006; Oliveira et al., 2007). It may not be surprising that 
KoRV appears to have evolved this lowered virulence before 
becoming endogenized (Ávila-Arcos et al., 2013). Invasion 
of the koala germ line by KoRV may have been difficult 
before the mitigating mutations, since any endogenous KoRV 
that killed its host before it reached reproductive age could 
not have persisted. A greater understanding of why KoRV is 
currently not deadly enough to prevent sufficient numbers of 
host offspring from reaching reproductive age may provide 
insights into how to also protect older koalas.

KoRV would be present in very high copy number in 
each infected koala, thus having a much higher population 
size than the koala host (Duffy et al., 2008). Furthermore, 
exogenous KoRV, with an RNA genome that lacks the 
genomic repair mechanisms of the host, would have a much 
higher mutation rate than the koala, which has DNA repair 
mechanisms that limit the mutation rate (Duffy et al., 2008).

One of the critical recent findings made by our group is 
that KoRV has changed little in the past century (Ávila-Arcos 
et al., 2013). This may be due to the reduction in mutation 
rate that would occur once a retrovirus endogenizes (Duffy 
et al., 2008). Once endogenized, KoRV becomes subject to 
cellular DNA-repair mechanisms. Thus the mutation rate for 
endogenous KoRV is likely to be substantially lower than 
the rate for exogenous KoRV, slowing the adaptive potential 
of the retrovirus relative to that of the host, once the virus 
transitions to endogenous copies.

Adaptation between ERV and host: 
the evolution of protective ERVs

KoRV is the only ERV for which some individuals of the host 
species are believed to be completely free of proviral copies 
(Stoye, 2006; Tarlinton et al., 2006; Tarlinton et al., 2008; 
Simmons et al., 2012). In other host species ERVs may be 
insertionally polymorphic, i.e., present at a particular locus in 
only some individuals (Turner et al., 2001; Roca et al., 2005). 
Nonetheless, even in these cases, all members of the species 
will carry ERV copies at other loci (Turner et al., 2001; 
Roca et al., 2005). In the case of KoRV, many individuals 
especially in southern populations may be completely free 
of endogenous proviruses, an indication that the germ line of 
the koala has only been invaded recently relative to known 
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ERVs in other species (Stoye, 2006; Tarlinton et al., 2006; 
Tarlinton et al., 2008; Simmons et al., 2012). Furthermore, 
KoRV appears to be strongly pathogenic in koalas (Hanger et 
al., 2000; Tarlinton et al., 2005; Oliveira et al., 2006; Oliveira 
et al., 2007; Tarlinton et al., 2008), while most ERVs in other 
species appear to be benign. Since vertical transmission in 
general tends to select for lower virulence (Toft & Karter, 
1990), this may be another indication of a recent origin for 
KoRV. An examination of how ERVs in other species may 
have become innocuous may provide insights into the future 
of KoRV in the koala.

One relevant example may be the endogenous feline 
leukemia viruses (enFeLVs) present in the germ line of the 
domestic cat and related species (Polani et al., 2010). The 
presence of enFeLVs in several closely related species of 
the genus Felis suggests that these ERVs began proliferating 
in the germ line of an ancestor of domestic and wild cats 
some 3–6 million years ago (Johnson et al., 2006; Polani et 
al., 2010). That has been sufficient time for many enFeLVs 
to develop mutations that disrupt the open reading frames 
(ORFs) of the provirus, although at least one copy of enFeLV 
retains its ORF structure, indicative of a relatively recent 
integration event (Roca et al., 2004; Pontius et al., 2007). 
Mutations in enFeLV after it endogenized would occur at 
the slow rate of change that occurs in the genome of the host 
species (Roca et al., 2004). Yet even this slow rate has been 
sufficient to disrupt most copies of enFeLV in the domestic 
cat, rendering enFeLVs non-functional due to frame-shift or 
other disruptive mutations, or to other mechanisms that can 
block the proliferation of selfish DNA (Roca et al., 2004; 
Pontius et al., 2007). The high pathogenicity of KoRV in 
koalas may suggest that insufficient time has elapsed for 
a general breakdown of the structure of genomic copies of 
KoRV, although further studies would be needed to establish 
this definitively.

Interestingly, some enFeLVs in the cat germ line appear 
to play a protective role in the host species. It appears that 
viral transcripts of the env gene encoded by a domestic cat 
enFeLV produce partial envelope protein, which is secreted 
by cells (McDougall et al., 1994). This partial protein 
appears to block entry into the cells of exogenous FeLV of 
strains that share envelope similarity with the endogenous 
forms (McDougall et al., 1994). Thus, an enFeLV codes 
for an envelope protein that interferes with infection by 
similar exogenous viruses (McDougall et al., 1994). Such 
a protective effect would be expected to lead to positive 
selection, increasing the frequencies of the protective ERV in 
host populations. An analogous protective role also appears 
to have evolved in some mice within the genus Mus. In mice, 
a retroviral restriction gene Fv1, has been found to be derived 
from the gag region of an ERV (Best et al., 1996; Yan et al., 
2009). This ERV appears to code for a protein product that 
appears to interact with exogenous murine leukemia viruses, 
restricting the ability of the exogenous virus to proliferate 
(Best et al., 1996; Yan et al., 2009).

Koala biology and protective host genetic 
variants against KoRV

While ERVs may develop a protective role within the host, 
there is also evidence that some host genetic variants will 
provide protection against retroviruses. Protective allelic 
variants in the host species would be expected to increase 
over time due to selective pressure by the pathogen against 
individuals that lack protection (May & Anderson, 1979). 
Host genes with allelic variants that mediate responses to 
retroviruses have been well studied in the case of human 
immunodeficiency virus (HIV-1) (O’Brien & Nelson, 2004; 
An & Winkler, 2010; Zhao et al., 2012). Several dozen 
human genes have been found to have allelic variants that 
are beneficial (or detrimental) to humans exposed to HIV-1 
(O’Brien & Nelson, 2004; An & Winkler, 2010; Zhao et 
al., 2012). For example, HIV-1 uses the transmembrane 
receptor CCR5 to enter and infect host cells (Lederman et 
al., 2006). About 10% of humans of north European ancestry 
carry a variant called CCR5-delta32, in which the gene is 
disrupted by a deletion (Liu et al., 1996; Lederman et al., 
2006). Individuals with one or two copies of the mutant 
allele are much less susceptible to HIV-1 infection than wild 
type individuals (Liu et al., 1996; Lederman et al., 2006). In 
humans, host genes with allelic variants protective against 
HIV-1 fall into several categories, and may represent HIV 
co-receptors, immune modifiers (HLA and cytokines) or 
post-entry retroviral restriction factors (An & Winkler, 2010; 
Zhao et al., 2012).

No protective variants against KoRV have yet been 
identified in the koala. Nonetheless, one may consider 
whether genes with analogous function in the koala currently 
have (or may develop through mutation) allelic variants that 
would be protective against KoRV. One may also consider 
whether some endogenous copies of KoRV may eventually 
develop a protective role against exogenous KoRV. In 
either case, aspects of koala biology may be relevant to 
the development of resistance against KoRV, whether 
potentially mediated by a protective endogenous KoRV, or 
by host genetic variants resistant against the virus. Koalas 
appear to have a low degree of genetic variation, and this 
low variation appears to have been present in the species 
for more than a century (Wilmer et al., 1993; Tsangaras et 
al., 2012). The lack of host genetic variants may limit the 
diversity of potential retroviral restriction genes, and thus 
limit the ability of resistance against KoRV to increase over 
time in the population (May & Anderson, 1979).

Another factor that may affect host-retroviral interactions 
is limited dispersal or fragmented range of the host (May 
& Anderson, 1990). The high geographic segregation of 
mtDNA haplotypes suggests that female koalas may have 
experienced limited dispersal or that gene flow may have 
been limited by the fragmentation of species range (Wilmer 
et al., 1993; Taylor et al., 1997; Houlden et al., 1999; Fowler 
et al., 2000; Tsangaras et al., 2012; Ávila-Arcos et al., 2013). 
Isolation of koala populations may have been beneficial in 
potentially slowing the spread of KoRV from north to south. 
However, such isolation could also have a strongly negative 
consequence: in order for a selective sweep to occur, there 
must be geographic dispersal of the genetic variants that 
confer fitness (Petit & Excoffier, 2009). Limited dispersal 
or isolation of populations would limit the degree to which 
selective sweeps of fitness-promoting variants could occur. 
Protective effects, whether mediated by endogenous KoRVs 
that developed a protective role, or mediated by beneficial 
host genetic variants, could not undergo beneficial selective 
sweeps in a host population that has limited gene flow (Petit 
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& Excoffier, 2009). One may even speculate that locally 
protective variants could potentially be evolving in the koala 
population separately, but with an inability to improve fitness 
across the species due to limited geographic dispersal or 
connectivity (Tack et al., 2012).

KoRV and biomedical research: towards an 
understanding of koala and human ERVs

Human endogenous retroviruses (HERVs) and related 
elements comprise ca. 8% of the human genome, a larger 
proportion than is accounted for by protein-coding genes 
(Jern & Coffin, 2008). Most HERVs are considered to be 
non-functional “junk” DNA (Jern & Coffin, 2008). However, 
recently several HERVs have been established to play a 
role in human health and disease. For example, the gene 
syncytin plays a functional role in human placental formation 
(Mi et al., 2000). Syncytin is derived from a HERV that 
entered the germ line of a primate ancestor of the human 
lineage, since the gene is also present in apes and old world 
monkeys. The syncytin protein plays a role in formation 
of the syncytiotrophoblast, a multi-nucleated structure that 
is vital for normal placentation. Thus, an ERV has been 
co-opted by its host lineage to play a critical function in the 
host organism. Interestingly, analogous use of endogenous 
retroviruses has now been found in rodents, sheep, and other 
species (Cornelis et al., 2013). Yet the ERVs that play a 
role in placentation do not derive from a common ancestral 
invasion of the germ line by the same ERV. Rather, it appears 
that different ERVs that invaded the germ lines of different 
mammalian ancestors have been co-opted for placentation 
across different lineages (Cornelis et al., 2013).

Detrimental long-term effects have also been established 
for ERVs in various species. Although a role for HERVs has 
been proposed for many diseases (Voisset et al., 2008), only 
recently has a direct role in a human disease been established. 
In Hodgkin’s lymphoma in humans, one of the critical steps 
leading to formation of the disease involves de-repression 
of an ERV promoter (Lamprecht et al., 2010). Activation 
of this promoter plays a central role in tumor cell survival 
(Lamprecht et al., 2010). One reason that it may be difficult to 
establish a role for ERVs in other diseases is that the human 
complement of ERVs will be quite different from the ERVs 
present in biomedical model organisms such as the mouse. 
The mouse lineage is separated from the human lineage 
by 85 million years of evolution, involving completely 
independent invasions of the germ line by ERVs during that 
time (Johnson & Coffin, 1999; Murphy et al., 2001). Thus 
diseases caused by ERVs in commonly studied biomedical 
model organisms may be quite different from those caused 
by HERVs in humans, and vice versa.

Given that organisms commonly relied upon for 
biomedical studies may not be directly suitable models for 
human ERVs, and given that most ERVs, including HERVs, 
invaded their host germ lines thousands or millions of 
generations ago, the ongoing invasion of the koala germ line 
by KoRV may be of great biomedical importance (Hanger 
et al., 2000; Tarlinton et al., 2005; Fiebig et al., 2006; 
Oliveira et al., 2006; Stoye, 2006; Tarlinton et al., 2006; 
Denner, 2007; Tarlinton et al., 2008; Langhammer et al., 
2011; Miyazawa et al., 2011; Cui et al., 2012; Denner, 2012; 
Simmons et al., 2012; Ávila-Arcos et al., 2013; Shojima 
et al., 2013). The transitioning of KoRV from exogenous 
retrovirus to endogenous provirus is currently underway, and 
this represents an excellent, and so far the only, opportunity 
for studying the process of retroviral germ line invasion 
prospectively rather than retrospectively (Stoye, 2006; 

Tarlinton et al., 2006; Tarlinton et al., 2008). This potential 
utility of koalas and KoRV for understanding the origins of 
8% of the human genome should also be seen as potentially 
beneficial to the koala (Fiebig et al., 2006). Even if some 
biomedical studies of KoRV have as their primary goal 
insights into the processes that gave rise to ERVs in humans, 
any information gained from biomedical studies that increase 
our understanding of KoRV will necessarily increase our 
ability to help koalas afflicted with the virus.

Acknowledgments. We thank our collaborators, and other 
individuals and institutions who provided assistance or samples. The 
project described was supported by grant number R01GM092706 
from the National Institute of General Medical Sciences (NIGMS). 
The content is solely the responsibility of the authors and does 
not necessarily represent the official views of the NIGMS or the 
National Institutes of Health.

References
An, P., and C. A. Winkler. 2010. Host genes associated with HIV/

AIDS: advances in gene discovery. Trends in Genetics 26(3): 
119–131.

 http://dx.doi.org/10.1016/j.tig.2010.01.002

Ávila-Arcos, M. C., S. Y. Ho, Y. Ishida, N. Nikolaidis, K. Tsangaras, 
K. Honig, R. Medina, M. Rasmussen, S. L. Fordyce, S. 
Calvignac-Spencer, E. Willerslev, M. T. Gilbert, K. M. Helgen, 
A. L. Roca, and A. D. Greenwood. 2013. One hundred twenty 
years of koala retrovirus evolution determined from museum 
skins. Molecular Biology and Evolution 30(2): 299–304.

 http://dx.doi.org/10.1093/molbev/mss223

Best, S., P. Le Tissier, G. Towers, and J. P. Stoye. 1996. Positional 
cloning of the mouse retrovirus restriction gene Fv1. Nature 
382(6594): 826–829.

 http://dx.doi.org/10.1038/382826a0

Blikstad, V., F. Benachenhou, G. O. Sperber, and J. Blomberg. 
2008. Evolution of human endogenous retroviral sequences: 
a conceptual account. Cellular and Molecular Life Sciences 
65(21): 3348–3365.

 http://dx.doi.org/10.1007/s00018-008-8495-2

Bromham, L. 2002. The human zoo: endogenous retroviruses in the 
human genome. Trends in Ecology & Evolution 17(2): 91–97.

 http://dx.doi.org/10.1016/S0169-5347(01)02394-1

Canfield, P. J., J. M. Sabine, and D. N. Love. 1988. Virus particles 
associated with leukaemia in a koala. Australian Veterinary 
Journal 65(10): 327–328.

 http://dx.doi.org/10.1111/j.1751-0813.1988.tb14518.x

Cornelis, G., O. Heidmann, S. A. Degrelle, C. Vernochet, C. 
Lavialle, C. Letzelter, S. Bernard-Stoecklin, A. Hassanin, B. 
Mulot, M. Guillomot, I. Hue, T. Heidmann, and A. Dupressoir. 
2013. Captured retroviral envelope syncytin gene associated with 
the unique placental structure of higher ruminants. Proceedings 
of the National Academy of Sciences, USA 110(9): E828–837.

 http://dx.doi.org/10.1073/pnas.1215787110

Cui, J., G. Tachedjian, M. Tachedjian, E. C. Holmes, S. Zhang, and 
L. F. Wang. 2012. Identification of diverse groups of endogenous 
gammaretroviruses in mega- and microbats. Journal of General 
Virology 93(Pt 9): 2037–2045.

 http://dx.doi.org/10.1099/vir.0.043760-0

Denner, J. 2007. Transspecies transmissions of retroviruses: new 
cases. Virology 369(2): 229–233.

 http://dx.doi.org/10.1016/j.virol.2007.07.026

Denner, J. 2012. Immunising with the transmembrane envelope 
proteins of different retroviruses including HIV-1: A comparative 
study. Human Vaccines and Immunotherapeutics 9(3): 462–470.

 http://dx.doi.org/10.4161/hv.23221

Duffy, S., L. A. Shackelton, and E. C. Holmes. 2008. Rates of 
evolutionary change in viruses: patterns and determinants. 
Nature Reviews Genetics 9(4): 267–276.

 http://dx.doi.org/10.1038/nrg2323



 Roca & Greenwood: KoRV and other endogenous retroviruses 9

Fiebig, U., M. G. Hartmann, N. Bannert, R. Kurth, and J. Denner. 
2006. Transspecies transmission of the endogenous koala 
retrovirus. Journal of Virology 80(11): 5651–5654.

 http://dx.doi.org/10.1128/JVI.02597-05

Fowler, E. V., B. A. Houlden, P. Hoeben, and P. Timms. 2000. 
Genetic diversity and gene flow among southeastern Queensland 
koalas (Phascolarctos cinereus). Molecular Ecology 9(2): 
155–164.

 http://dx.doi.org/10.1046/j.1365-294x.2000.00844.x

Hanger, J. J., L. D. Bromham, J. J. McKee, T. M. O’Brien, and 
W. F. Robinson. 2000. The nucleotide sequence of koala 
(Phascolarctos cinereus) retrovirus: a novel type C endogenous 
virus related to gibbon ape leukemia virus. Journal of Virology 
74(9): 4264–4272.

 http://dx.doi.org/10.1128/JVI.74.9.4264-4272.2000

Houlden, B. A., B. H. Costello, D. Sharkey, E. V. Fowler, A. Melzer, 
W. Ellis, F. Carrick, P. R. Baverstock, and M. S. Elphinstone. 
1999. Phylogeographic differentiation in the mitochondrial 
control region in the koala, Phascolarctos cinereus (Goldfuss 
1817). Molecular Ecology 8(6): 999–1011.

 http://dx.doi.org/10.1046/j.1365-294x.1999.00656.x

Jern, P., and J. M. Coffin. 2008. Effects of retroviruses on host 
genome function. Annual Review of Genetics 42: 709–732.

 http://dx.doi.org/10.1146/annurev.genet.42.110807.091501

Johnson, W. E., and J. M. Coffin. 1999. Constructing primate 
phylogenies from ancient retrovirus sequences. Proceedings of 
the National Academy of Sciences, USA 96(18): 10254–10260.

 http://dx.doi.org/10.1073/pnas.96.18.10254

Johnson, W. E., E. Eizirik, J. Pecon-Slattery, W. J. Murphy, A. 
Antunes, E. Teeling, and S. J. O’Brien. 2006. The late Miocene 
radiation of modern Felidae: a genetic assessment. Science 
311(5757): 73–77.

 http://dx.doi.org/10.1126/science.1122277

Kerr, P. J. 2012. Myxomatosis in Australia and Europe: a model for 
emerging infectious diseases. Antiviral Research 93(3): 387–415.

 http://dx.doi.org/10.1016/j.antiviral.2012.01.009

Lamprecht, B., K. Walter, S. Kreher, R. Kumar, M. Hummel, 
D. Lenze, K. Kochert, M. A. Bouhlel, J. Richter, E. Soler, R. 
Stadhouders, K. Johrens, K. D. Wurster, D. F. Callen, M. F. 
Harte, M. Giefing, R. Barlow, H. Stein, I. Anagnostopoulos, 
M. Janz, P. N. Cockerill, R. Siebert, B. Dorken, C. Bonifer, 
and S. Mathas. 2010. Derepression of an endogenous long 
terminal repeat activates the CSF1R proto-oncogene in human 
lymphoma. Nature Medicine 16(5): 571–579.

 http://dx.doi.org/10.1038/nm.2129

Langhammer, S., U. Fiebig, R. Kurth, and J. Denner. 2011. 
Increased neutralizing antibody response after simultaneous 
immunization with leucogen and the feline leukemia virus 
transmembrane protein. Intervirology 54(2): 78–86.

 http://dx.doi.org/10.1159/000318892

Lederman, M. M., A. Penn-Nicholson, M. Cho, and D. Mosier. 
2006. Biology of CCR5 and its role in HIV infection and 
treatment. Journal of the American Medical Association 296(7): 
815–826.

 http://dx.doi.org/10.1001/jama.296.7.815

Liu, R., W. A. Paxton, S. Choe, D. Ceradini, S. R. Martin, R. 
Horuk, M. E. MacDonald, H. Stuhlmann, R. A. Koup, and N. 
R. Landau. 1996. Homozygous defect in HIV-1 coreceptor 
accounts for resistance of some multiply-exposed individuals 
to HIV-1 infection. Cell 86(3): 367–377.

 http://dx.doi.org/10.1016/S0092-8674(00)80110-5

May, R. M., and R. M. Anderson. 1979. Population biology of 
infectious diseases: Part II. Nature 280(5722): 455–461.

 http://dx.doi.org/10.1038/280455a0

May, R. M., and R. M. Anderson. 1990. Parasite-host coevolution. 
Parasitology 100(Suppl. S1): S89–S101.

 http://dx.doi.org/10.1017/S0031182000073042

McDougall, A. S., A. Terry, T. Tzavaras, C. Cheney, J. Rojko, and 
J. C. Neil. 1994. Defective endogenous proviruses are expressed 
in feline lymphoid cells: evidence for a role in natural resistance 
to subgroup B feline leukemia viruses. Journal of Virology 
68(4): 2151–2160.

Mi, S., X. Lee, X. Li, G. M. Veldman, H. Finnerty, L. Racie, E. 
LaVallie, X. Y. Tang, P. Edouard, S. Howes, J. C. Keith Jr., and 
J. M. McCoy. 2000. Syncytin is a captive retroviral envelope 
protein involved in human placental morphogenesis. Nature 
403(6771): 785–789.

 http://dx.doi.org/10.1038/35001608

Miyazawa, T., T. Shojima, R. Yoshikawa, and T. Ohata. 2011. 
Isolation of koala retroviruses from koalas in Japan. Journal of 
Veterinary Medical Science 73(1): 65–70.

 http://dx.doi.org/10.1292/jvms.10-0250

Mulvey, M., J. M. Aho, C. Lydeard, P. L. Leberg, and M. H. Smith. 
1991. Comparative population genetic-structure of a parasite 
(Fascioloides magna) and its definitive host. Evolution 45(7): 
1628–1640.

 http://dx.doi.org/10.2307/2409784

Murphy, W. J., E. Eizirik, S. J. O’Brien, O. Madsen, M. Scally, C. 
J. Douady, E. Teeling, O. A. Ryder, M. J. Stanhope, W. W. de 
Jong, and M. S. Springer. 2001. Resolution of the early placental 
mammal radiation using Bayesian phylogenetics. Science 
294(5550): 2348–2351.

 http://dx.doi.org/10.1126/science.1067179

O’Brien, S. J., and G. W. Nelson. 2004. Human genes that limit 
AIDS. Nature Genetics 36(6): 565–574.

 http://dx.doi.org/10.1038/ng1369

Oliveira, N. M., K. B. Farrell, and M. V. Eiden. 2006. In vitro 
characterization of a koala retrovirus. Journal of Virology 80(6): 
3104–3107.

 http://dx.doi.org/10.1128/JVI.80.6.3104-3107.2006

Oliveira, N. M., H. Satija, I. A. Kouwenhoven, and M. V. Eiden. 
2007. Changes in viral protein function that accompany 
retroviral endogenization. Proceedings of the National Academy 
of Sciences, USA 104(44): 17506–17511.

 http://dx.doi.org/10.1073/pnas.0704313104

Petit, R. J., and L. Excoffier. 2009. Gene flow and species 
delimitation. Trends in Ecology & Evolution 24(7): 386–393.

 http://dx.doi.org/10.1016/j.tree.2009.02.011

Polani, S., A. L. Roca, B. B. Rosensteel, S. O. Kolokotronis, and G. 
K. Bar-Gal. 2010. Evolutionary dynamics of endogenous feline 
leukemia virus proliferation among species of the domestic cat 
lineage. Virology 405(2): 397–407.

 http://dx.doi.org/10.1016/j.virol.2010.06.010

Pontius, J. U., J. C. Mullikin, D. R. Smith, K. Lindblad-Toh, 
S. Gnerre, M. Clamp, J. Chang, R. Stephens, B. Neelam, N. 
Volfovsky, A. A. Schaffer, R. Agarwala, K. Narfstrom, W. 
J. Murphy, U. Giger, A. L. Roca, A. Antunes, M. Menotti-
Raymond, N. Yuhki, J. Pecon-Slattery, W. E. Johnson, G. 
Bourque, G. Tesler, and S. J. O’Brien. 2007. Initial sequence 
and comparative analysis of the cat genome. Genome Research 
17(11): 1675–1689.

 http://dx.doi.org/10.1101/gr.6380007

Roca, A. L., W. G. Nash, J. C. Menninger, W. J. Murphy, and S. 
J. O’Brien. 2005. Insertional polymorphisms of endogenous 
feline leukemia viruses. Journal of Virology 79(7): 3979–3986.

 http://dx.doi.org/10.1128/JVI.79.7.3979-3986.2005

Roca, A. L., J. Pecon-Slattery, and S. J. O’Brien. 2004. Genomically 
intact endogenous feline leukemia viruses of recent origin. 
Journal of Virology 78(8): 4370–4375.

 http://dx.doi.org/10.1128/JVI.78.8.4370-4375.2004

Roy-Burman, P. 1995. Endogenous env elements: partners in 
generation of pathogenic feline leukemia viruses. Virus Genes 
11(2–3): 147–161.

 http://dx.doi.org/10.1007/BF01728655

Shojima, T., S. Hoshino, M. Abe, J. Yasuda, H. Shogen, T. 
Kobayashi, and T. Miyazawa. 2013. Construction and 
characterization of an infectious molecular clone of koala 
retrovirus. Journal of Virology 87(9): 5081–5088.

 http://dx.doi.org/10.1128/JVI.01584-12

Simmons, G. S., P. R. Young, J. J. Hanger, K. Jones, D. T. W. Clarke, 
J. J. McKee, and J. Meers. 2012. Prevalence of koala retrovirus 
in geographically diverse populations in Australia. Australian 
Veterinary Journal 90(10): 404–409.

 http://dx.doi.org/10.1111/j.1751-0813.2012.00964.x



10 Technical Reports of the Australian Museum, Online (2014) No. 24

Stoye, J. P. 2006. Koala retrovirus: a genome invasion in real time. 
Genome Biology 7(11): 241.

 http://dx.doi.org/10.1186/gb-2006-7-11-241

Tack, A. J., P. H. Thrall, L. G. Barrett, J. J. Burdon, and A. L. Laine. 
2012. Variation in infectivity and aggressiveness in space and 
time in wild host-pathogen systems: causes and consequences. 
Journal of Evolutionary Biology 25(10): 1918–1936.

 http://dx.doi.org/10.1111/j.1420-9101.2012.02588.x

Tajima, F., K. Misawa, and H. Innan. 1998. The amount and pattern 
of DNA polymorphism under the neutral mutation hypothesis. 
Genetica 102–103(1–6): 103–107.

Tarlinton, R. E., J. Meers, J. Hanger, and P. R. Young. 2005. 
Real-time reverse transcriptase PCR for the endogenous koala 
retrovirus reveals an association between plasma viral load 
and neoplastic disease in koalas. Journal of General Virology 
86(Pt 3): 783–787.

 http://dx.doi.org/10.1099/vir.0.80547-0

Tarlinton, R. E., J. Meers, and P. R. Young. 2006. Retroviral 
invasion of the koala genome. Nature 442(7098): 79–81.

 http://dx.doi.org/10.1038/nature04841

Tarlinton, R. E., J. Meers, and P. R. Young. 2008. Biology and 
evolution of the endogenous koala retrovirus. Cellular and 
Molecular Life Sciences 65: 3413–3421.

 http://dx.doi.org/10.1007/s00018-008-8499-y

Taylor, A. C., J. M. Graves, N. D. Murray, S. J. O’Brien, N. Yuhki, 
and B. Sherwin. 1997. Conservation genetics of the koala 
(Phascolarctos cinereus): low mitochondrial DNA variation 
amongst southern Australian populations. Genetics Research 
69(1): 25–33.

 http://dx.doi.org/10.1017/S0016672397002607

Toft, C. A., and A. J. Karter. 1990. Parasite-host coevolution. Trends 
in Ecology & Evolution 5(10): 326–329.

 http://dx.doi.org/10.1016/0169-5347(90)90179-H

Tsangaras, K., M. C. Ávila-Arcos, Y. Ishida, K. M. Helgen, 
A. L. Roca, and A. D. Greenwood. 2012. Historically low 
mitochondrial DNA diversity in koalas (Phascolarctos cinereus). 
BMC Genetics 13: 92.

 http://dx.doi.org/10.1186/1471-2156-13-92

Turner, G., M. Barbulescu, M. Su, M. I. Jensen-Seaman, K. K. 
Kidd, and J. Lenz. 2001. Insertional polymorphisms of full-
length endogenous retroviruses in humans. Current Biology 
11(19): 1531–1535.

 http://dx.doi.org/10.1016/S0960-9822(01)00455-9

Voisset, C., R. A. Weiss, and D. J. Griffiths. 2008. Human RNA 
“rumor” viruses: the search for novel human retroviruses in 
chronic disease. Microbiology and Molecular Biology Reviews 
72(1): 157–196, table of contents.

 http://dx.doi.org/10.1128/MMBR.00033-07

Weiss, R. A. 2006. The discovery of endogenous retroviruses. 
Retrovirology 3: 67.

 http://dx.doi.org/10.1186/1742-4690-3-67

Wilmer, J. M. W., A. Melzer, F. Carrick, and C. Moritz. 1993). 
Low genetic diversity and inbreeding depression in Queensland 
koalas. Wildlife Research 20(2): 177–188.

 http://dx.doi.org/10.1071/WR9930177

Yan, Y., A. Buckler–White, K. Wollenberg, and C. A. Kozak. 2009. 
Origin, antiviral function and evidence for positive selection 
of the gammaretrovirus restriction gene Fv1 in the genus Mus. 
Proceedings of the National Academy of Sciences, USA 106(9): 
3259–3263.

 http://dx.doi.org/10.1073/pnas.0900181106

Zhao, K., Y. Ishida, T. K. Oleksyk, C. A. Winkler, and A. L. Roca. 
2012. Evidence for selection at HIV host susceptibility genes in 
a West Central African human population. BMC Evolutionary 
Biology 12: 237.

 http://dx.doi.org/10.1186/1471-2148-12-237


