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A novel retrovirus, morphologically consistent with mammalian C-type retroviruses, was detected by electron
microscopy in mitogen-stimulated peripheral blood mononuclear cell cultures from 163 koalas and in lym-
phoma tissue from 3 koalas. PCR amplified provirus from the blood and tissues of 17 wild and captive koalas,
and reverse transcriptase-PCR demonstrated viral mRNA, viral genomic RNA, and reverse transcriptase
activity in koala serum and cell culture supernatants. Comparison of viral sequences derived from genomic
DNA and mRNA showed identity indicative of a single retroviral species—here designated koala retrovirus
(KoRYV). Southern blot analysis of koala tissue genomic DNA using labelled KoRV probes demonstrated
banding consistent with an endogenous retrovirus. Complete and apparently truncated proviruses were de-
tected in DNA of both clinically normal koalas and those with hematopoietic disease. KoRV-related viruses
were not detected in other marsupials, and phylogenetic analysis showed that KoRYV paradoxically clusters with
gibbon ape leukemia virus (GALV). The strong similarity between GALV and KoRYV suggests that these viruses
are closely related and that recent cross-host transmission has occurred. The complete proviral DNA sequence

of KoRYV is reported.

Retroviruses comprise a large group of diploid RNA viruses
that rely on reverse transcription as an essential part of their
life cycle. Endogenous retroviruses (ERVs) and exogenous
retroviruses have been demonstrated in a wide range of verte-
brate species, and while some, particularly the exogenous vi-
ruses, may be pathogenic, many are not associated with disease
(23, 37). ERVs, by definition, have become incorporated into
the host genome by integration into germ line cells or early
embryos and are transmitted as dominant Mendelian alleles.
Exogenous (infectious) retroviruses are transmitted horizon-
tally (3, 35).

The etiological role of retroviruses in a range of different
diseases has been demonstrated in a number of vertebrate
species (47). In some host species, interaction between ERVs
and related exogenous retroviruses (helper viruses) is impor-
tant in disease pathogenesis. For example, some feline leuke-
mia virus (FeLV)-associated diseases of cats result from re-
combination between endogenous FeL'V and exogenous FeLV
strains (52). The presence of endogenous viruses may reduce
the immune response to related pathogenic exogenous retro-
viruses, increasing the likelihood of disease, as demonstrated
in chickens with avian leukosis or sarcoma virus infection (53).
In contrast, expression of ERV genes may confer resistance to
exogenous pathogenic viruses through receptor interference
and other mechanisms (25, 45).

Lymphoma and leukemia have been long recognized as the
most common form of neoplasia in both captive and free-living
koalas. Mortality surveys of wild koalas indicate that these
diseases account for around 3 to 5% of deaths in free-living
koalas in the survey areas of New South Wales and southern

* Corresponding author. Mailing address: Division of Veterinary
Pathology and Anatomy, University of Queensland, 4072 Brisbane,
Australia. Phone: 61 7 33652118. Fax: 61 7 33651355. E-mail: j.mckee
(@mailbox.uq.edu.au.

4264

Queensland (2, 7, 11, 24, 39, 55). However, anecdotal evidence
from fauna parks in southeast Queensland suggests that up to
80% of mortalities in captive koalas may be attributable to
lymphoma and a variety of leukemias (J. J. Hanger, unpub-
lished data). The possible involvement of retroviruses in these
diseases of koalas was suggested by a number of workers (7,
24). Type C retrovirus-like particles were seen by transmission
electron microscopy (TEM) in tissues from a leukemic koala
(8), in the blood of captive koalas abroad (61), and in mitogen-
stimulated peripheral blood mononuclear cells (PBMCs) de-
rived from 18 koalas of mixed clinical status (46). Retrovirus
infection in koalas was confirmed with a report of the isolation
and partial gene sequence of a retrovirus with homology to
gibbon ape leukemia virus (GALV) and simian sarcoma virus
(SSV) in both diseased and healthy koalas (41). Recently,
sequence homologous to the pol region of murine leukemia
virus (MLV)-related and GALV-related viruses was detected
in the DNA of a wild-caught koala, but no clinical information
was reported (37). We report the complete nucleotide se-
quence, phylogenetic analysis, and characterization of a novel
type C ERV detected in koalas.

MATERIALS AND METHODS

PCR. Genomic DNA was extracted from the blood and tissues of four wild and
four captive koalas by methods previously described (50). Total RNA or poly-
adenylated RNA was extracted from tissues and blood by using either Trizol
reagent (Life Technologies) or the Quick-Prep Micro mRNA Purification kit
(Pharmacia Biotech), respectively. Koalas from which tissues were taken had
either died or had been euthanized because of serious disease or injuries. Four
koalas (one wild and three captive) from which tissues or blood were taken had
leukemia or lymphoma. DNA for PCR and Southern hybridization controls was
extracted from tissue samples from a mediastinal lymphoma in a dog, bone
marrow from an eastern grey kangaroo (Macropus giganteus), and blood from a
common wombat (Vombatus ursinus) and a southern hairy-nosed wombat
(Lasiorhinus latifrons).

Initial PCR amplification of a 3-kb koala retrovirus (KoRV) sequence from
genomic DNA was accomplished with an upstream primer, tRNAf (CAT TTG
GGG CTC GTC CGG GAT), which annealed to the tRNAP™ primer binding
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FIG. 1. Graphic representation of KoRV provirus showing positions of
primer pairs used to amplify proviral DNA. The primer pair U3F-U5R flanks the
entire provirus, including both 5" and 3’ LTRs, such that each primer binding site
is duplicated in the provirus, whereas the primer pair KRVf-KRVr excludes
amplification of repeated regions of the LTRs. The lines under each primer pair
represent expected amplimers.

site, and a downstream degenerate pro-pol primer, JPU2r [GC(ACG) GCC
A(GAC)(CTG) A(AG)(GT) A(GTA)G TC(AG) TC] (bases in parentheses
represent alternatives for degenerate bases), described previously (10). PCR was
performed in 50-ul reaction mixtures with the Expand Long Template PCR
system (Boehringer, Mannheim, Germany) in accordance with the manufactur-
er’s recommendations. Cycling conditions were as follows: initial denaturation at
94°C for 3 min, 1 cycle; denaturation at 94°C for 30 s, annealing at 60°C for 1 min,
and extension at 68°C for 2 min, 10 cycles; followed by cycles of denaturation at
94°C for 30 s, annealing at 60°C for 1 min, and extension at 68°C for 45 s plus 20 s
for each consecutive cycle up to 2 min. A further 10 cycles with the same
temperatures and 2-min extension times were performed followed by a final
extension at 68°C for 7 min.

Touchdown PCR (46) was performed in 50-pl reaction mixtures using the
Expand Long Template PCR system (Boehringer, Mannheim) in accordance
with the manufacturer’s recommendations. Two pairs of primers were used to
amplify the putative koala provirus. One pair was designed to amplify the entire
provirus, including both 5" and 3’ long terminal repeats (LTRs): the forward
primer U3F (AAT GAA GGA GGC AGA AAT CAT GAG GC) was designed
to anneal to the first 26 bases of the U3 region of the LTR, and the reverse
primer USR (GGT AGT CCT CTG ACC TTG AGA) annealed to the last 21
bases of the U5 region (Fig. 1). The second pair of primers was designed to
exclude repeated regions from the amplimer: the forward primer KRVf (GCG
CCA GTC CCT CTA GAA GAC TGA) annealed to the first 24 bases of the 5’
repeated region (R) and the reverse primer KRVr (GCC GGG TGG ATT CTT
TGG TCT CAT TT) annealed to the last 26 bases of the 3" U3 region (Fig. 1).
Cycling conditions for both primer pairs were as follows: denaturation at 94°C for
2 min (1 cycle); denaturation at 94°C for 30 s, annealing at 68°C for 1 min, and
extension at 68°C for 4 min (2 cycles); followed by pairs of similar cycles, each
with annealing at 66, 64, 62, and 60°C; and then 10 cycles with annealing at 58°C.
This was followed by five similar cycles with annealing at 60°C with a 3-min
extension at 68°C and then four cycles at the same temperatures with a 4-min
extension time. The final extension at 68°C was for 7 min.

Cloning and sequencing. PCR bands were resolved on a 0.9% agarose gel and
then excised and extracted with the Qiaquick Gel Extraction kit (Qiagen). The
fragments were cloned with the pGEM-T Easy Vector system (Promega), and
automated sequencing was performed with M13 forward and reverse primers
(Promega) or virus sequence-specific primers by using the BigDye Terminator
system (Applied Biosystems, Perkin-Elmer). Gel separations were performed by
the Australian Genome Research Facility.

Southern hybridization. Southern hybridization was performed by digesting 10
g of genomic DNA with PstI or HindIII and vacuum blotting the DNA after
electrophoresis onto positively charged nylon membranes (Boehringer, Mann-
heim). Probe preparation and hybridization were performed with the Dig
(digoxigenin) DNA Labeling and Detection kit (Boehringer, Mannheim). A
530-bp gag-pro-pol probe was prepared by radom hexameric primer extension
with a PCR product derived from a plasmid containing the complete koala
provirus. Positions of the primer pair (gagf-gagr) used to amplify this product are
shown in Fig. 2. Hybridization was performed at 68°C in standard buffer in
accordance with the manufacturer’s recommendations. Hybridization of probes
was detected by chemiluminescence with CDP-Star (Boehringer) after high-
stringency washes (down to 0.1X SSC [1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate] 0.1% sodium dodecyl sulfate) at 68°C.

Sequence analysis. Initial sequence analysis was carried out on programs and
databases made available by the Australian National Genomic Information Ser-
vice (ANGIS). Original database searches were carried out with the BLASTn
program. The GCG (Genetics Computer Group, University of Wisconsin, Mad-
ison) package programs GAP, HOMOLOGIES, and FRAMEALIGN were used
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for DNA and protein sequence comparisons. Predicted protein sequences were
defined with the programs MAP and ETRANSLATE, while open reading frames
(ORFs) and codon usage preference were assessed with FRAMES and
CODONFREQUENCY. Protein similarities were calculated with the PAM 250
substitution matrix (51).

The maximum-likelihood phylogeny was estimated for sequences from KoRV
and GALV and the murine leukemia-type viruses (Moloney MLV [MMLV;
GenBank accession no. AF033811], Friend MLV [M93134], and FeLV
[M18247]) and porcine ERV (PERV [U77599]). The likelihood analyses used an
HKY +I" model, which allows for uneven base composition and for different rates
of transitions and transversions (19), with gamma-distributed rates across the
sequence (62, 63). Base composition, transition/transversion ratio, and gamma
shape parameter (y) were estimated from the sequence data. A heuristic search
in PAUP=* [D. L. Swofford, PAUP+: Phylogenetic Analysis Using Parsimony (*
and other methods), version 4. Sinauer Assoc., Sunderland, Mass., 1999] was
performed, with TBR branch swapping from an initial neighbor-joining tree. The
analysis was repeated for pol, gag, and env genes, all aligned by eye. For the pol
gene, the analysis was conducted for four separate alignments: (i) the complete
gene (alignment length, 3959 bp), (ii) the conservative positions only (fast-
changing sites excluded, 3,114 bp), (iii) the first and second codon positions only
(2,076 bp), and (iv) the third codon positions only (1,038 bp). (Note that align-
ment length includes insertions.)

To assess the support for the KORV-GALYV clade and the signal/noise ratio of
the sequence data, a spectral analysis was performed (21, 22). A spectral plot
represents the patterns in the sequence data that correspond to bipartitions in
the data. These bipartitions represent possible clades, so the support for any
given phylogenetic clade can be assessed from a spectral plot.

Cell culture. Blood samples of 4 to 12 ml were collected into EDTA blood
tubes from captive koalas kept in a number of wildlife parks in southeast Queens-
land. PBMCs were isolated from buffy coats with Ficoll-Hypaque (Pharmacia) by
methods described previously (60). PBMCs were cultured in RPMI (Trace Sci-
entific) containing 2 mM glutamine, 9% inactivated fetal calf serum, 1% inacti-
vated koala serum (both inactivated at 56°C for 1 h), 100 TU of penicillin per ml,
100 pg of streptomycin per ml, 0.1 mM 2-mercaptoethanol, and 5 g of con-
canavalin A per ml. PBMCs were cultured at a concentration of 5 X 10° cells/ml
in 25-ml flasks and incubated in a humidified atmosphere of 5% CO, in air at
37°C. After 2 days of incubation, the medium was replaced with fresh medium
containing 100 IU of human recombinant interleukin-2 per ml, but without
concanavalin A. This medium was replaced every 2 days until the cells and
supernatant were harvested at between days 8 and 12 of culture.

RT-PCR. Synthesis of cDNA from mRNA extracted from the blood or tissues
was performed with the Universal Riboclone cDNA Synthesis kit (Promega).
PCR of cDNA was performed with the primer pairs tRNAf (described above)-
gagr, gagf-polr, and polf-KRVr (Fig. 2), and the cycling conditions were those
described above for initial amplification of 3-kb koala provirus products. Viral
RNA was extracted from cell-free culture supernatant and koala serum by using
the Viral RNA Extraction kit (Qiagen) in accordance with the manufacturer’s
recommendations. Samples were treated with 1 U of RQ1 DNase (Promega) for
10 min at 37°C, which was then inactivated at 70°C for 15 min. First-strand cDNA
synthesis and PCR were performed with the Access reverse transcriptase (RT)-
PCR Kit (Promega) using the manufacturer’s recommended procedure. RT
reactions were amplified by PCR with gag, pol, and env primer pairs (Fig. 2). The
cycling conditions were denaturation at 94°C 30 seconds; annealing 57°C, 1
minute; extension 68°C, 2 minutes for 40 cycles, followed by a final extension at
68°C of 5 min. Bands were resolved on a 2% agarose gel.

RT assay. Cell culture supernatants from nine mitogen-stimulated PBMC
cultures that displayed virions by electron microscopy were assayed for RT
activity with raw MMLV RT (40 U; Promega) and supernatants derived from
feline immunodeficiency virus (FIV)-infected cat lymphocyte cultures as positive
controls. Culture medium incubated without cells was used as negative control.
Supernatants were clarified by centrifugation at 1,000 X g for 10 min. A 30%
concentration of polyethylene glycol 6000 to 8000 (0.5 volume) was added to
1.0-ml aliquots of the supernatant and incubated at 4°C overnight and then
precipitated by centrifugation at 10,000 X g for 20 min. One hundred fifty
microliters of virus lysis buffer (0.5% Triton-X 100, 20% glycerol, 0.5 mM
phenylmethylsulfonyl fluoride, 800 mM NaCl, 50 mM Tris [pH 7.8]) was added
to each precipitate, which was then incubated at room temperature for 30 min.
Samples were vortexed briefly, and 40 pl was added to 90 pl of RT reaction
buffer [final concentration: 0.1 M Tris (pH 8.3), 0.02 M dithiothreitol, 1 mM
MnCl,, 0.1% Nonidet P-40, 0.1 M NaCl, 5 mM dNTP, 1 U of poly(rA) -
oligo(dT);, 1 uCi *H-TTP]. Samples were incubated in quadruplicate in 96-well
plates for 4 h at 37°C. Trichloroacetic acid (12.5 ul) (50%) was added, and
samples were stored at 4°C for 30 min to precipitate the *H-TTP. Samples were
then harvested onto glass fiber discs, placed into 2 ml of scintillation fluid, and
counted.

Alternatively, a more sensitive RT-PCR-based RT assay (38) was used by
substituting the poly(rA) - oligo (dT) with 40 ng of kanamycin resistance gene
mRNA (Promega), added as a template for reverse transcription, and 30 ng of
oligo(dT),,_5 primer (Promega). Serum samples (25 wl) from 31 animals were
tested by this method. Samples were incubated for 4 h at 37°C, and then 1-pl
aliquots were used in a PCR with kanamycin template-specific primers and
reagents in the Access RT-PCR kit (Promega) in accordance with the manufac-
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Primer: U3F
AAAGGTCAGA GCAAGAARAA CAAGGRAGAT
CAGAAATAGC TGAGCTCATA RCAGTTTCTA

CTCCTCGCTT CCGTACCCGC GCTTTITTTGC

PAS R o
TAAGTTCERT AAAICCTCTTG CTATTTGCAT
U5 ¢ PBS

TTCATITTGEG GGCTCGTCCG GGATCTGAGA
TGTCTGACTC CGAAAACTCT GACTGTCTAT
CGTGTTCGGG GGCTCACCGC CCGGCRATCC
TCTGATCTCA CAGTTGCACT GTCTTGAGAG
CTTTTTATTT

CAATAATAAT CATTATCTGG

ATCATTCCGT GGAGTATGGA AACTACCCGG

TCTGTGGTCA
TAGRACCCTC

TTGGAGTGCC ARACGGGATA
GGGTGCCCCT CAGCAGTTTC

«» R
[TATARAATGA GACCAARGAA TCCACCTGGC

CCGGAGTTGT GTTCGCGTTG ATCCTGGGAG
TTCCCACCCA AGGACCGCCG AACCACCGAC
TCGGTGTGCG CGCATTTTTG GTTTATTCCG
TGGGAGACGT CCCAGGATCA GGGGAGGACC
ACATACCCTA CCTTCTGACT CTTTTTCCTG

GTCGTAATTC CACTCTTCGG GACCCCCAGA

AGGGCCCAAG

TGCACCTGAG
TCGTGACCGG

GCGCCAGTCC

GTTTAGGGAC AGGTGCAGCC AGGCACAGTA

TCCCCACCCC GGACTTATGC ARACAATTICC
AGTTTTTATT CARACTAACK ARTGATCTTG

CTCTAGGTGA CTGAGTCGCC CGAGTACTCG

GGTTTCTCARA

GGGAGGTRAG
GGITAATCGA
AGGGACGCCT
TCTTTTTAAT
- gag

ATGGGACAGG

Primer KRVE

GGTCGGAGGA CTACC CGARAC ATTGGGGTCT
CTGGCCAGCG
TCTAAGATCG
GGTGGATCCC
ATACGTCTAC

ATCGCTCTAT
AGGCGTGAGT
ACGGCARGGG
GCCGCCATAT

GTTCTCTCTG
AGCGGACAGA
ATAATTICTICC
AATTTTTTTC
GTGAGTCGAC

CCCTCTCTCT CTTACACTAG

ATCACTGGAA
AGTGGGATGG
TACATCATAG
CGGCGGGGGE
TCCACCTCCC
CCCCGCAGTC
AATATTGGCC

AGACGTGAAG
CCACCGGAGG
TTTGGCAGGA
GAGGCCGTCC
CCAGCCCCTC
CTACGGGTGA
TTTCTCCTCA

ACARGGGCTC
GGACTTTTAA
CCTCTCCAAC
GCTCCTTCCC
ACGCGGCCAG
CACTGGTCCT
GCAGATCTCT

ACAATCTTTC
TCCTTCTATT
AGCccceece
GGCTCCCCAT
ACCAGCGCCA
GACTCCACTG
ATAATTGGAA

CGTGGAGATA
ATTTCTGCAG
CATGGGTGCC
CTACCCGGAG
GGCCTAATGG
TGGCCCTGCC
ATCTAATCAT

AGAAAGGGAA
TCAAAAGGAT
ACCCTTAGCC
ACGGACAGCC
CTGAGGGACT
CCTCCGGGLC
CCTTICTTTTT

AGTGGCAAAC
TGTCTTCCAG
AAGATCGCCG
TGTTCCTCCT
CGGCTCTGAG
GTGGGACCCC
CCGAGARTCC

CTTCTGTTCC
GAGACTGGAG
TTGCCTCTGG
CTCAGRACCC
GGACCGGCCG
CGGCCGAACT
TRACAGGACTT

TCCGAGTGGC
GACACCCGGA
TCAAGATAAC
CCGCCCTATC
CTGGAACTAG
BAACGGCTTA
ACGGGACTCC

CCACGTTCGA
CCAGGTTCCC
GGGCGABAGT
CAACGTCCCC
GRGTCGCCGT
GTCCCCTTGC
TTGAGTCCCT

1701
1801
1901
2001
2101
2201
2301
2401

CATGITTTCC
ARCGTCCTTG
GTAGGGAGCG
GGGACCAACA
GTGGCCATGT
AGGCAGAGAA
GGAGARAAAC
AGGGAAGGAA

CACCAGCCTA
GAGTTRACGG
TCTCCTGGTIC
GAACCCCCGT
CCTTTATCGG
GGTATATCAT
TTGACCAARA
GACCGCCTCT

CTTGGGACGA
GGCCCCTACA
TACCGCCGGA
CCGTTTTTCT
GCAGTCTGCC
ARGAGAGAGA
TCTTGGCCGC
GGACAAAGAT

TTGCCAGCAG CTCCTGCAAG
CAACTCGAGA ACCTCATTAA
CTCTAGTGGC GGGTCTCARA
AGAACGTCTA ATGGAGGCTT
CCGGATATTA AAMAGARATT
CAGAGGAAGA AAAGCAAGAA AGAGAGAAAA AGGAGACAGA GGAARGAGAG
GGTAGTAAGT GAGAAAGGGT TCAGAGGGAG ACAGGCAGGG AATCTGAGCA

CAGIGCGCAT ACTGTAAAGA AAGGGGCCAT TGGGCAAGGG AGTGUCCCCG
Cys~His box Primer gagt A

GTCGGGGTTC

TCCTCTTTAC
TGAGGCCTTC
GGGGCAGCAA
ATAGGAGATA
ACAARGGCTG

CACCGAGGAA
CCCCTTAATC
GGCGCCCCAC
TACCCCATTT
GAAGGACTCC

AGAGARAGGA
GACCTCAGTG
CAATTTGGCC
GATCCCTCTT
AGGACCATTC

TTCTTTTGGA
GGATCACAAC
AAGGTAAGAG
CTGAGGGACA
CTTGCAGGAT
AGACGGCGTG
ACAGGGCAAT
GAAGAAGAAC

GGCTCGCAAA
ACGGCTGAAG
AAGTCTTGCA
AAAGGCGGCG
CTCATAARGG
ACAGGCGCCA
GAGGGCACCT
GCCAGGGARA

Ga

g &
GACCCTGGGT GACTAGGGGA

250

ot

CCARATGTCCT GGACCCCCTC CCCGAGCCCA
- pro-pol

GACCRAGCCT ATGGGAAAGA TGGGATCCAA
GGACAAAAGC AAGTGACCCA CTCATTCTTG
TTTCCACAGA GGGCCCACAG GTAACATGGG
TCCTTCTATC GACCCGICAT GGCTCCAACT

GGGTAACGTT AACTGTGGAG GGGATCCCCA CTGAGTTTTT
2601
2701
2801
2901

GGTTGATACC
CCTTGGACCA
TCCTCACCRA
GGAATACCGA

GGGGCCGARC
CCARAGAGACT
GCTAAAAGCT
TTACACGAAA

ATTCAGTATT
TTTGAAAATT
CAAATCCAGT
AGCCGGTCCC

ACGGACAGTC GTGGCTGGGG
GTCATACCCG AATGCCCTGC
AAGACCGCCC CGCCATGTGT
CTTTCCCATG GTTTGGGCCS
Primer gagr
CGACAGTACC CAATGAGCAA
ACACCCCTTT GTTACCTGTA
AGTCCCGRAC CCCTATARACC
CCCAACAGCC AGCCATTGTT
CTCCCACCCT CTTCGATGAG
AGCGGCCCCA ACGTACCGAG
TGCCGGGAGG AAGTTACGTA
CAMCCCCCAG ACAAGTCCGT

CGACGGGCAG
TCCCCTGTTA
TTAGTCCTGA
AGAAGGCAGG

CAAAGTTTAC
GGCAGGGACC
ACTTGGAGGA
TATGGGACTG

3001
3101
3201
3301
3401
3501
3601
3701

GCCAATCAAG
GGCCCCACAT
CTATCGGCCA
RAGCCACACCT
CAGARARARGG
ATCCTTCAGG
AGGCTCTTAC
GGGGGAAGAG

TCCCACCAGT
CCARAAGATTC
GTCCAAGATT
GGTATTCAGT
CAATACTGGC
GCTCTCAACC
AGGAARCTAAG
ATGGCTGACC

GGTAGTGGAA
TTGGATTTGG
TGAGGGAGGT
TTTAGACCTC
CAGCTAACCT
CCCAGGTAGT
TAAGTTGGGA
CCAGCCCGRA

CTGRAGTCAG
GGATTCTGGT
CAACAAAAGA
ARAGATGCTT
GGACTCGGCT
GATGCTCCAA
TACCGAGTGT
AGGCCACTGT

ATGCCTCACC
ACCTTGCCAG
GTACAGGACA
TCTTTTGCCT
ACCGCAAGGA
TATGTTGATG
CGGCCRAARAA GGCCCAGCTT
AATGAAGATC CCCACCCCTA
Primer polf
GCACCCCTGT ACCCCCTGRC
CTATCGGCCC CCGCCCTGGC CCTTCCGGAC
TAGGACCATG GCGACGCCCG GTAGCTTACC
CCTTCTCAAG GACGCTGATA AGTTAACCCT
ATGACAARTG CCAGGATGAC CCATTACCAA
TAGAGTCAGA CGACACCCCA ATACACATAT
CGCTTGGTAT ACGGATGGCA GCAGTTTCAT
CCAGAGGGAA CGTCAGCTCA GAAGGCCGAA
ACGCTTTTGC CACCGCTCAT GTTCACGGGG
CCTGCTAGAG GCCATCCATC TCCCTAAGCG
GATGAGGCCG CGRAACAAGC TGCCCAGTCA
GAGRGCTCAC CCCTGACCAG GGARGGGAAT
TTTTCACATC CCGAATCTCC AGTCTGTAGT
Primer polir
AGGAGGCAAA GGGGAGATCG
ATACATTTTC TGGGTGGGTA
CCCTAAGGTA CTCGGGTCCG
TATAGACCCC AGAGCTCAGG
CCCTCCTCCC TTTGGCGCTA
GTCTGGGGAA GTCGIGGGTT
AAAGARAGCCT ACAGGCCTGG
GGTGGAARGG CCCATACCIG

AGTGGCTGTT
TCGCCCTGGA
TTCATCCCAC
CAAGCTACARC
TTCAAGAACT
ACCTCCTGGT

GGARGCCCGG
ARARARCCTG
TACTCAGTTC
CGCGTTTGAA
GCCCTCCACC
ACTGCARAGA
TCTCGGGTAT
GAGTTTTIGG

GAGGGTATCA
GAACCAATGA
CCTCCCGCCC
TGGAGAGATC
GGGATCTGGC
AGGGACACGA
TTGCTARAAG
GCACTGCTGG

ATTCTGTAGG
GAAGCCTTTG
GTGTTGCCCG
TTGCCTAAAA
AGCATTGTGA
CCATTCTGAA
TCTGAGAGAT
AACBAGCGGA
AAAGCATCAA
AGACATCAAG
GACCCTGTGG
TCGAGCCTAC
CAAGCTTCTC

CTGGTTTCGC
AGAGGCCCTG
ACTCAARCCC
CCGTAGCACT
CGACCGATGG
CTGCTCCCCG
CCGGGGTACC
GAGCAACCTG
GACAGCAGGT
AGATTTTGGC
CCGAAAGGCC
ATCAAGCCGA
GTCGCACCAG

TTCCCTGGCT GAGAGARAAG
CTCACCARAGC
TGTCAARARA
AGGACAGAAC
AGTCTGCTGC
GCTCAGARAAT
CATGGATGGC
CTAATCGCCT
CTATATACAA
AGTCGCTATC
ACCAGAATAC
TCATTCAACG
GCGTGRAATC

3801
3901
4001
4101
4201
4301
4401
4501
4601
4701
4801
4901
5001

CTCTGGATCC
GCCGTATAAA
GGGGETGCTT
GCAATTGCGG
GACAGCCCCC
TCCTGCCACC
CAGCCGTTGC
CGGTGTGGGC
CATCTACACG
AACAARGAGG
CTACCGGARA
ACGGGGGAAG
CAGCTTGTAG

GTTCCCTTTA
CATTTGCTCT
ATTAGATCCG
GTGTTGGTGA
TGAATGAGAG
CCTTGCCGAG
AGGCGACAAG
TGACACAAGC
ACAAAGAGGA
ATCCATTGCC
TGACGGAGRC
GCTGCATCAG
ACCAGCAAGT

CCTGGACTGA
GTACGTGGAT
GTGGCCAGTG
TTGCACCTCA
GGTGTCTTTT
GAGACAGGAA
CAGGTGCTGC
ATTACGCTTG
CTGCTCACTT
CCGGCCACCA
CACGAARAAAT
CTCACGCACT
GTCAGGTTIG

GGCCCACCAG
GAAAABGAGG
GGTGGCCART
CAACCTGGAA
GCGCCCCCGG
CCCGACCTGA
CATTGTGGAC
GCCGAAGGAA
CCGCTGGAAR
AAGAGGGACT
CARGAACACT
TAGGGCCAGA
TGCTGTAACT

5101
5201
5301
5401
5501
5601
5701
5801

AACGCAGTCA
ATGGTAATAG
ACTTGAGGAA
CTGGGGATTG
CCTTAGAGAC
TCTTCATGGG
GTTGTGAGGA
GACGTCATCG
—
GGTCCATGCT

CCACCTACCG
ATATTTGCTA
ATCCTACCTC
ATTGGARATT
CGGTGGAAAA
GGGCCGCCCC
CTCAGATCTG
GTCCGGCAGC
env
TCTCATCTCA
pro-pol
AATCAACAGC
CCTGGACGTG

AGAGCCTGGA
GTGTTTATCG
GTTTCGGGAT
ACATTIGTGCA
GACTGGGTGA
CTGTACTTGC
GGACCAGATA
CTTGAGCCTC

ACCCGGLGIG
GARAGCTTTCC
ACAATGGCCC
TCAGGTAGAA
CTTAGGGCCC
CTAATGGIGA
TACTGTGGCC
GTGCTACTGA

TATTGGGRAG
CTACAAAARC
TGCCTTCGTT
AGGATGAATA
GGAATACCCC
TTTTTTTCCC
ATTCCCCACC
CCACCCCGAC

TAGACTTCAC
AGAGACAGCC
GCTCAGGTAA
GGACAATTAA
TGGCCAGTTT
GTTCTATTTA
CGTTCCAGGT
CGCGGTGAAG

AGAGGTTARAG
CTGACCGTCT
GCCAGGGGTT
AGAGACCTTG
GGCCTGACTC
CCCACTTGARA
CGGTGACCGA
GTTGACGGTA

CCTGGCCGGT
GCAAGAAGAT
GGCCACTCAA
ACAAAATTGG
CTTATGAGAT
GGCTTTAGAG
GTGCTGGTTA
TTGCTGCCTG
5901 AACCCGCGCC ACCTGGGGCA CCCGATGAGT CCTGGGAACT GGAAAAGACT GATCATCCIC TTARGTTGCG TGTTCGGCGG
-
ATAACAACCC

GTGGCCCTCT

6001
6101

CGCCGARATG
GTCGAGCCAC

TCACCARCCC
CTTGAGCCTG

ATGACTCTCA
ATGTGTGCGC

CCTGGCAGGT
GCTGGTAGCC

ACTGTCCCAG
GGTCTCGAGT

ACGGGRAGTG TCGTTTGGGA
CCTGGGACAT CCCGGAACTC
Primer envf
GGGATGTAGC TATCCCCGGG
GGACTTGAAT CTTTGTACTG
GTCACCCTAC AGGGACATGC
AACCTGGGGT CTAAGGTTCT
CCTGTCCTCG CAGRACAARGG
AGGCTAGCCC CCCGGCCCCT
GGAGGCCACG GAGTCTTGCT
CAATGTCGCT GGGGAGGARA
ACCTGRCTAT ACCCTTAAAC
TACATCAGTC TTCAACCAGT
TCCCCCCACT CTAGRAACAA

AAAGARAAGCA
ACTGCATCGG

6201
€301
6401
6501
6601
6701
6801
6901
7001
7101
7201

CCTCTCRACA
AATTGCTAGG
GGTTGTGAGA
GTTGGTGCAA
ACRCCCAGGC
AAAATTCCCT
CTCCCACCAC
AGCCCTCGGC
ACCCTCACTG
CTCACAAGTA
CTGTATCCAG

GGCCAGGLCC
TCCCAGTTCT
CCGCGGGAAC
CCCACTCARG
GTGCAGTTGA
TCCTCCCCAG
GGGCGACCGG
CCTCCTTATT
AAGTCTCTGG

CCTGATTCAA
ACGTGTGLCCC
CGCCTACTGG
ATAGAGTTCA
CCATACGACT
AGTGCCGGTT
CTCTTTGGCC
ACGAAGGAAT
ACTCGGGTTA
CCTCCTCCCC TCCAACCGCA
ATCCAGCTTG TCCCTCGCAT
Primer envr
CCCTGGCTGT CCTTCTCGGA
CCTCCAGATT GCCATGGATA
AGGAGAGGCC TTGATCTGCT
ACTCCATGAG GAGACTCAAG
TACTACTTTA CTGTCTGCCC

ACTATGAACA
CCGGGATGGC
CAACCCCGGT
CCGAGCCTGG
AGTGATCACA
CCTACCCTAT
TCGTACRAGG
CGCARCTCCA
TGTATAGGGA
GCTGGTGGGL
CTACTATCAC

TGCTTATAAT
CGTTCCCTGT
CCTCGTGGGA
CARACGGTTC
AGTCCCCCAC
CACCCCCAGC
GGCCTTTCIG
GGGCAAGTCA
AAGTACCTCC
TTGTAATTCT
CCAGACGGTA

CAGATCACTT
CCGAGGCCCG
CCTTATAACT
CGARACTGGC
CGGTAGTAGT
GTCCCCTATC
GCCTTGAATG
CTTATGCCTC
TACTCACCRA
GGCCTCACCC
CCTTGCTACA

GGGGAACCCT
GAGGTGCGGA
GTAGGCCAGG
TACAGGGGCG
GGGCCCCGAT
CCCACGGTAC
CCACCAACCC
CACAGATTCC
CATCTCTGCA
CCTGCCTCTC
GGCCTATGAG

CCAGRACAAG
TAAAGAGTGG
GAGCGCACCG
ATGTGACTGG
ACCTCCCAGA
AGTACTCCAT
GGCTCTGTCT
BGGGARGCTC
GCCTCACATA
CTAACGATTT
GAGAGAGCCT

7301
7401
7501
7601
7701

GTCTCACTCA
GTTTGACTAG
GCTCCAGARAT
GCGGTGCGAG
CCCCCTGGCT

TTAGGGGTCG
CAGACCTTAG
ATTTTTGRAG
GAAAGGTTAG
TTGCTGGTCC

CAGCAGGTAT
GGCCCTTCAA
GAAGGGGGCC
ATAAGAGGCA
CCTGCTACTC

AGGTACCGGC
GACTCCATAA
TTTGTGCAGC
GTTAGAGCAC
CTCCTTCTGT

TCGACCGCCC
GTARACTAGA
CCTAARAGAG
CAARAGAATT
TACTCACCCT

TAATAAAAGG
GGATTCCTTA
GAATGCTGTT
TAAGTTGGTA
CGGGCCTTGT

GCCCATAGAC
ACCTCCCTGT
TCTATGTTGA
CGAGGGATGG
GTCATCAATA

CTCCAACAAG
CTGAAGTAGT
CCACTCAGGC
TTCAACCGTT
AGTTAGTGCA
env  €—
7801 ATTCATCAAT GATA%%;%TA GTGCAGTAAFgF?FEETGGTT CTCAGGCACA AGTACCAGAC CCTAGACAAC GAGGATAACC TTTAATTCTG CTCTATGATT
»
7901
8001
8101

8201

AGAGCTACCC
AGGGACAGGT
CACCCCGGAC
TTTATTCAAA

TCRAAGAAAA TGGGGGAAT!
GCAGCCAGGC ACAGTARAAG
TTATGCAARAC AATTCCCAGA
CTAACCARTG ATCTTGCTCC

AAGGAGGCAG
GTCAGAGCAA
BATAGCTGAG
TCGCTTCTGT

AAATCATGAG
GAARAACRAG
CTCATAACAG
ACCCGCGCTT

GCAGAARTCA
GAAGATTTGG
TTTCTAGGGT

TTTTGCTATA

TTCCGTGGAG TATGGAAACT ACCCGGAGGG

AGTGCCRAAC GGGATATCTG TGGTCATGCA

GCCCCTCAGC AGTTTCTAGA ACCCTCTCGT

AAATGAGACC AAAGRATCCA CCCGGCGCGC
Primer KRVr

AGTTGTGTTC GCGTTGATCC TGGGAGGGTT

CCCAAGGTTT
CCTGAGTCCC
GACCGGAGTT
CAGTCCCTCT

8301 AGGIGACTGA GTCGCCCGAG TACTCGTAAG TTCAATAAAC CTCTTGCTAT TTGCATCCGG TCTCAAGGTC

Primer USR

8401 AGAGGACTAC CCGAACATTG GGGTCTTTCA T (8431)
FIG. 2. Complete nucleotide sequence of a KoRV provirus. The boundaries of the major sections of the genome are shown by arrowheads: 5 LTR (U3-R-US,
boundaries based on GALV [GenBank accession no. M26927]), gag, pro-pol, env, and 3' LTR. Sequences important in transcription and reverse transcription are shown
in boxes: CAAT box, TATA box, Cys-His box, polyadenylation signal (PAS), polypurine tract (PPT) and tRNAP™ primer binding site (PBS). Primer sequences

described in the text are underlined. Note that nucleotides 1 to 8411 were sequenced from one clone. Nucleotides 8412 to 8431 were inferred from the 5" LTR.
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FIG. 3. (A) PCRs using primer pairs KRVf-KRVr and U3F-U5R resolved on a 1% agarose gel stained with ethidium bromide. Lanes: 1 and 9, 1-kb-ladder
molecular weight markers; 2, no-DNA PCR control; 3, kangaroo DNA PCR control; 4, lymphoma DNA amplified with primer pair KRVf-KVRr; 5, blood DNA from
the same koala amplified with the same primers; 7 and 8, the same samples amplified with primer pair U3F-USR, showing amplimers representing full-length and
truncated proviruses, as well as LTRs only (0.5-kb bands); 10 and 11, KRV{-KRVr amplimers from blood DNA from two different koalas. (B) Southern blot of a similar
PCR gel probed with a KoRV pol probe. Lanes: 1 digoxigenin-labelled molecular weight marker; 2, kangaroo DNA PCR control; 3, dog lymphoma DNA PCR control;
4, koala DNA U3F-U5R PCR products; 5, koala DNA KRV{-KRVr PCR products.

turer’s instructions. PCR bands were resolved on a 2% agarose gel, purified with
the Qiaquick Gel Extraction kit (Qiagen), and sequenced as described above.

Electron microscopy. Tissues for TEM were fixed in 3% glutaraldehyde in
cacodylate buffer, postfixed in 1% osmium tetroxide, prepared by standard meth-
ods, and examined electron microscopically. PBMCs from the cell cultures were
fixed in 3% glutaraldehyde in cacodylate buffer, embedded in 3% agarose, and
then prepared as described above.

Nucleotide sequence accession number. The complete provirus sequence re-
ported here is contained in the GenBank nucleotide sequence database under
accession no. AF151794.

RESULTS

Molecular characterization. Initial PCR amplification of a
3-kb KoRYV sequence from genomic DNA was accomplished
with an upstream primer (tRNAf) which annealed to the
tRNAP™ primer binding site and a downstream degenerate
universal pro-pol primer (JPU2r) described previously by Col-
batzky and Jacobs (10) (data not shown). Sequence analysis of
this amplimer demonstrated close similarity to GALV se-
quences (13), which enabled the design of primers flanking
other regions of the putative koala provirus. Definitive KoRV
primers, which flank the entire provirus, were designed based
upon sequences detected by these methods.

All 17 koalas amplified KoRV sequence from blood or tissue
with a variety of KoRV-specific primers. PCR amplification of
sequences with primers U3F and U5R resulted in expected
bands of approximately 8.4 kb, representing putative full-
length proviral amplimers, and 0.5 kb, representing amplifica-
tion of the LTRs only. Primers KRVf and KRVr amplified
products of approximately 8 kb, representing full-length pro-
virus amplimers without repeated regions of the LTRs. How-
ever, a number of bands of intermediate size (4 to 7 kb) were
consistently amplified with both primer pairs in PCRs. PCR
analysis of multiple tissues from one koala (without hemato-
poietic disease) showed identical banding patterns between
tissues. However, among koalas, all showed 8-kb (primers
KRVf and KRVr) or 8.4-kb (primers U3F and U5R) bands,
but the sizes and number of smaller bands varied. Southern
hybridization of PCR blots with a KoRV pro-pol probe de-

tected the 8.4- and 8-kb bands as well as some of the smaller
bands, but not the 0.5-kb bands representing LTR-only am-
plimers (Fig. 3B). No PCR bands were obtained from tissues
taken from a dog or a kangaroo (Fig. 3A). With primers
tRNAf and JPU2r, a weak 3-kb band was amplified from DNA
derived from the blood of a common wombat and a southern
hairy-nosed wombat. Subsequent sequencing showed that
these amplimers were not derived from retrovirus.

Sequence analysis of clones of the 8.4- and 8-kb fragments
revealed a complete provirus of 8,431 bp with the structure of
a simple type C mammalian retrovirus. Common features of

TABLE 1. Comparison of the size, nucleic acid identity, and amino
acid residue numbers of GALV strain SEATO/SF (M269297),
GALYV 5’ LTR strain SF (J02196), and KoRV (AF151794)

Sequence Length Nucleotide % Amino acid
compared (nucleotides) identity residue no.
Provirus
KoRV 8,431 78 NA?
GALV 8,513
LTR
KoRV 505 69 NA
GALV 494
8ag
KoRV 1,566 82 522
GALV 1,560 520
pol
KoRV 3,384 82 1128
GALV 3,384 1128
eny
KoRV 1,980 74 660
GALV 1,995 665

“NA, not applicable.
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FIG. 4. Maximum likelihood phylogeny for the pol gene of KoRV, GALV or
GALVX, MLV-type viruses (MMLV, FMLV, and FeLV), and PERV. The
transition/transversion ratio (3.1) and gamma shape parameter (0.44) were esti-
mated from the data [D. L. Swofford, PAUP+: Phylogenetic Analysis Using
Parsimony (* and other methods), version 4. Sinauer Assoc., Sunderland, Mass.,

1999]. The results are the same for the gag and env genes and for all alternative
alignments of the pol gene (see Materials and Methods).

retroviral genomes were identified, including 5’ and 3" LTRs,
a tRNAPRO primer binding site; a CAAT box; a TATA box;
gag, pro-pol, and env coding sequences; a Cys-His box (protein
translation, CAYCKERGHWAREC), a polypurine tract, and
a polyadenylation signal (Fig. 2). There are three ORFs on two
forward-reading strands corresponding to gag, pol, and env
ORFs with the typical structure of gag and pro-pol in the same
frame, while the 5’ end of env overlaps the 3’ end of pol in an
adjacent frame. A splice donor site was located at bases 564 to
570, and a presumptive splice acceptor was located at bases
5701 to 5709 (based upon sequencing of a spliced env tran-
script). There are several small ORFs, with predicted protein
lengths greater than 30 amino acids, whose significance, if any,
has yet to be determined. Partial sequence analysis of some of
the clones of smaller PCR bands showed them to have homol-
ogy to the full-length provirus clones; however, complete se-
quencing of these clones was not performed, and the deleted
regions were not defined.

KoRYV sequence comparison (GCG) demonstrated a 78%
nucleotide similarity across the complete genome between
KoRV (8,431 bp) and GALYV (8,513 bp; M26927) and strong
similarity across the three major coding regions with GALV

.
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FIG. 5. Spectral plot showing the relative support for branches in the pol
phylogeny (Fig. 4). The frequency of patterns in the sequence data that support
a partition (clade) is given above the x axis, and the frequencies of patterns that
support a conflicting bipartition are given below. The KoRV-GALV clade has
strong support and little conflicting signal. Spectral analysis was performed with
the Spectrum package (9).
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FIG. 6. Southern blot of koala genomic DNA digests. Lanes: 1, digoxigenin-
labelled molecular weight marker; 2, dog genomic DNA digest (control); 3,
kangaroo genomic DNA digest (control); 4 to 7, DNA digests from a koala with
lymphoma; 4, 10 pg of bone marrow DNA digested with PstI; 5, 10 pg of bone
marrow DNA digested with HindIII; 6, 10 pg of lymphoma DNA digested with
HindIIl; 7, 10 pg of lung DNA digested with HindIII; 8, 2 ng of bone marrow
DNA digested with HindIII from a koala without lymphoma.

(Table 1). The predicted proteins from the gag, pol, and env
ORFs all showed the greatest similarity to GALV or a novel
strain of GALV (GALVX).

All phylogenetic analyses grouped the KoRV sequence with
GALYV sequences, to the exclusion of PERV and the MLV
group. Figure 4 shows the maximum-likelihood tree for the pol
gene. The maximum likelihood trees for the env and gag se-
quences were the same as that shown in Fig. 4. Separate anal-
ysis of an alignment of only the 1st and 2nd codon positions of
pol also gave the tree in Fig. 4, as did an alignment of only 3rd
codon positions. Spectral analysis indicated strong support for
a KoRV-GALYV clade, with little conflicting signal (Fig. 5).

Multiple sequence alignment of two full and two partial
(spanning 3 kb of gag-pro-pol) provirus sequences from four
different koalas showed greater than 98.5% identity between
all sequences (data not shown). Three of the koalas were
captive koalas from southeast Queensland, but were unrelated,
and one wild koala was a resident in a geographically isolated
region of New South Wales. RT-PCR of mRNA extracted
from the blood of a clinically normal captive koala, with three
primer pairs spanning the retroviral genome from the tRNA
primer binding site to the 3" LTR, resulted in bands of the
expected length with 98.5% sequence identity to proviral se-
quences (data not shown). RT-PCR of the same sample with
primer pair KRV{-KRVr (Fig. 1) amplified a band of approx-
imately 2.6 kb, which sequencing showed to represent spliced
eny transcripts.

Southern hybridization of genomic DNA digested with PstI
and HindIII from a range of tissues taken from two koalas and
hybridized with a gag-pro-pol-specific probe demonstrated a
banding pattern, as well as smearing in the 3- to 12-kb range
(Fig. 6). One koala was affected by lymphoid neoplasia, which
involved multiple tissues; the other was not affected by neo-
plastic or hematopoietic disease. Probes did not bind to DNA
from lymphoma tissue from a dog or bone marrow from an
Eastern Grey kangaroo.
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Viral RNA. Viral RNA extracted from either serum or cell-
free PBMC culture supernatant was reverse transcribed and
analyzed by PCR with the primer pairs gagf-gagr, polf-polr, and
envi-envr (Fig. 2). Of the 10 koalas examined, all three primer
pairs amplified bands of the expected lengths in 2 koalas (in
both serum and PBMC culture supernatant), but in 3 koalas,
only amplimers of gag and env or only env was detected. Viral
RNA was not detected by RT-PCR in serum or supernatant in
one koala; however, in another koala, pro-pol transcripts were
detected in bone marrow, but not in blood or serum.

RT assay. RT assays with supernatants from PBMCs cul-
tured in vitro from nine koalas, with and without lymphoid
neoplasia, showed optimal RT activity in the presence of man-
ganese. When the conventional *H-TTP incorporation RT as-
say was used, weak activity levels were demonstrated; culture
supernatants derived from nine koalas showed a mean activity
of 5,663 dpm (standard deviation [SD], 2,749; range, 1,965 to
10,432) compared to negative controls (924 dpm [n = 4; SD,
539]), positive control FIV supernatant (42,198 dpm [n = 4;
SD, 11,821]) and positive control raw MMLV RT 24,630 dpm
[n = 4; SD, 5,674). When the more sensitive qualitative RT-
PCR-based RT assay was applied to koala serum, 9 of 31
(29%) reactions amplified the expected size fragment of kana-
mycin cDNA, indicating in vivo RT activity in the serum of
these animals.

Electron microscopy. TEM demonstrated characteristic type
C retrovirus-like particles associated with lymphoma in three
koalas or with mitogen-stimulated cultured PBMCs derived
from 163 of 166 koalas. Particles were 80 to 110 nm in diam-
eter, enveloped, and contained an electron-dense spherical
core. Budding forms were observed, with characteristic
C-shaped capsid assembly at the cytoplasmic membrane. For
three koalas, PBMCs grew poorly in cell culture and virus
particles were unable to be demonstrated by TEM.

DISCUSSION

From the data presented, it is clear that a provirus (KoRV)
related to the simian type C retroviruses is present in the DNA
of koalas. The observation that retrovirus-like particles were
produced by both tumor cells in vivo and cultured PBMCs in
vitro suggests that proviral transcription and virus assembly
occur. This is supported by the detection of retroviral tran-
scripts homologous to proviral sequences in the blood of ko-
alas and the detection of viral RNA and RT activity in serum
and in PBMC culture supernatants.

Provirus was detected in all koalas and in all tissues by PCR,
and virus-like particles were demonstrated by TEM in 98% of
mitogen-stimulated PBMC cultures. Southern hybridization of
genomic DNA demonstrated similar intensity and banding pat-
terns across a range of tissues in koalas with and without
lymphoid neoplasia. These data suggest that KoRV is an ERV,
although exogenous forms may also exist. Full-length provirus
sequences were detected and contained all of the basic genetic
elements common to type C retroviruses (44, 58), namely,
flanking LTRs; gag, pro-pol, and env genes; a tRNA primer
binding site; a polypurine tract; a CAAT box; a TATA box; a
Cys-His box; and a polyadenylation signal. The sequences
showed the most similarity to the GALV-related simian retro-
viruses and also showed ORFs and spliced env transcripts con-
sistent with the type C mammalian group of retroviruses.

While full-length provirus is present in koalas, there is also
strong evidence for the presence of truncated proviruses. Un-
dersized PCR products derived from primers that span the
complete proviral genome were detected in all animals, al-
though the molecular size ranges of these products differed
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between animals. These amplimers hybridized to labelled
KoRYV pro-pol, and partial sequencing confirmed their KoRV
derivation, suggesting that they represent truncated proviruses.
Tissue-, animal-, or population-specific truncated KoRV vari-
ants may have arisen in the koala genome either via recombi-
nation excision events or novel superinfection or reinsertion
events. Considering the marked variation between koalas in
the lengths of apparently truncated proviruses detected by
PCR, it appears that either KoRV is not stable, in contrast to
most other endogenous viruses (3), or PCR detection is con-
founded by the presence of related exogenous virus.

Detection of some viral transcripts containing gag and/or env
sequences and failure to detect viral transcripts containing
pro-pol sequences by RT-PCR of serum and cell-free culture
supernatants from some koalas may be due to transcription
and expression of truncated proviruses and assembly of virions
containing defective genomic RNA. In humans, there are nu-
merous examples of expression of defective or truncated en-
dogenous proviruses in both normal and transformed tissues
(1, 18, 34, 35, 57, 59). Furthermore, the expression of the
retroviral Gag protein alone may be sufficient to cause assem-
bly and budding of virus-like particles from the cell (58).
Clearly, in the koala genome, there are multiple copies of
proviruses, including both full-length and truncated proviruses,
at least some of which are expressed both in vivo and in vitro.

The inability to detect strong RT activity in the serum or
PBMC culture supernatants of some koalas may be explained
by a number of possibilities. First, inhibition of RT activity by
tissue-derived specific inhibitors has been demonstrated with
some human ERVs (59). A second possibility is that virions
may not contain detectable RT because of a defective or ab-
sent pro-pol gene. This is consistent with the observed expres-
sion of defective or truncated proviruses and has been previ-
ously demonstrated for HERV-K, which encodes a functional
enzyme with weak activity (57). A third possibility is that assay
conditions may not have been optimal for the detection of
KoRV RT activity.

The DNA sequence data from gag, pol, and env unambigu-
ously support a grouping of KoRV and GALYV, to the exclu-
sion of PERV and the MLV group. A similar grouping was
also obtained from an independent phylogenetic study that
compared pol fragments derived from a wide range of host taxa
(37). This is an intriguing grouping, because gibbons (Hylobates
spp.) and koalas are taxonomically distant, making virus acqui-
sition from a common ancestor unlikely and because gibbons
and koalas are from remote biogeographic regions, making
direct natural transmission improbable. A preliminary investi-
gation of small numbers of animals failed to detect KoRV-like
retroviruses in other marsupials, including an eastern grey kan-
garoo (Macropus giganteus) and common wombats (Vombatus
ursinus) and southern hairy-nosed wombats (Lasiorhinus lati-
frons) (data not shown). Wombats are the closest living rela-
tives of koalas, although still relatively distantly related. Other
studies have also failed to demonstrate KoRV-like viruses in
marsupials other than koalas (23, 37, 40). This suggests that
endogenization of KoRV in koalas postdates the divergence of
koalas from other marsupials.

There are two possible explanations for the close relation-
ship between KoRV and GALV. Either KoRV and GALV
share a more recent common ancestor than all other ERVs
sequenced to date, and therefore the grouping reflects the true
evolutionary history of these sequences, or the grouping is an
artifact of sequence analysis. The potential causes of spurious
phylogenetic signal include recombination between strains,
base composition bias, sequence saturation, and molecular
convergence. Each of these artifacts can be discounted on the
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basis of detailed DNA sequence analysis, suggesting that the
KoRV-GALYV grouping represents a true biological relation-
ship.

Recombination between virus lineages can cause unusual
phylogenetic groupings, because different regions of the ge-
nome have different phylogenetic histories. However, there is
no evidence that recombination is causing the KoORV-GALV
grouping, because all viral genes gave the same phylogenetic
signal. There is little evidence of saturation (true signal ob-
scured by multiple hits) in the DNA sequences (Fig. 5). Nor is
there any evidence for base composition bias pulling KoRV
and GALV together, because the base composition of these
sequences does not differ noticeably from the base composi-
tions of the Friend MLV, MMLYV, and PERYV sequences. The
KoRV-GALYV grouping is unlikely to be caused by molecular
convergence, which would require independent acquisition of
many identical substitutions in both KoRV and GALV lin-
eages and would expect to result in a strong conflicting signal
in the data set. However, spectral analysis shows little conflict-
ing signal (Fig. 5). Strong support for the KoORV-GALYV group-
ing from both the 1st and 2nd codon positions, which pre-
dominantly cause nonsynonymous changes, and 3rd codon
positions, which are mostly “silent,” provides further evidence
against molecular convergence, since a convergent signal
would be expected only in the nonsynonymous changes.

Some ERYV phylogenies closely match the phylogeny of their
hosts, indicating that the viruses are evolving as an endogenous
element of the host genome, rarely infecting other hosts. Ex-
amples include the MLV-related retroviruses in reptiles and
amphibians (23, 37) and some ERVs of great apes (27). Be-
cause the phylogeny does not match the order of branching of
the mammalian tree (37) (Fig. 4), KoRV and GALV could
only be considered to be strictly host tracking if the KoRV-
GALYV ancestor represents a novel insertion into the ancestral
mammalian genome independently of the other mammalian
ERVs sequenced to date. The similarity of KoRV and GALV
to FeLV, the MLVs, and PERV would then be due to the
similarity of the free-living viruses that inserted into the mam-
malian genome multiple times at least 130 million years ago, at
the time of metatherian and eutherian mammal divergence
(26). This could be confirmed by identifying the host genome
insertion points for these viruses: if insertion is random, then
independent acquisitions of ERVs will occur at different loci
(27). However, the depth of molecular divergence in the
KoRV-GALYV clade is less than half that observed in the MLV
clade, so the host-tracking hypothesis would require that the
rate of molecular evolution in the KoORV-GALYV lineage was
dramatically slower than that of the MLV genomes. Given that
GALYV is exogenous, it seems highly unlikely that its rate of
molecular evolution would have decreased to such an extent.
Indeed, it would be expected that the rate of molecular evo-
lution in an actively infectious virus would be greater than that
of an endogenous virus (49). A host-tracking explanation for
the KoRV-GALYV grouping is therefore inconsistent with the
sequence data.

There seems to be no reason to cast doubt on the phyloge-
netic relationship between KoRV and GALYV to the exclusion
of other retroviruses sequenced to date. There are two possible
explanations for the relationship: inheritance from the genome
of the last common ancestor of gibbons and koalas or cross-
species transmission. The former explanation is unlikely, given
the DNA sequence data and the preliminary assessment that
KoRV-like viruses are absent in other marsupials. It seems
most likely that the KoRV-GALYV grouping is the result of a
relatively recent cross-species transmission of a KoRV-like
virus into gibbon and/or koala populations. Because gibbons
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and koalas are from distinct biogeographical regions with very
different faunas, direct cross-infection in the wild is improba-
ble. However, natural transfer via an intermediate host, for
example, a mobile species such as rodents, bats, or birds or an
arthropod vector, cannot currently be ruled out. A scenario
suggested by Martin and coworkers (37) is that transmission
was dependent upon an intermediate host, possibly a species of
Asian rodent in which ERVs related to the primate type C
viruses have been detected (6, 30).

KoRYV has been isolated from both captive and wild koalas,
but to our knowledge, GALV has been detected only in captive
gibbons. This observation suggests that iatrogenic infection of
captive gibbons with a KoRV-like virus derived either from live
captive koalas, from tissue or fomites, is also a possible mech-
anism of recent cross-species transfer. If this observation holds
true, it would imply that GALYV infection in gibbons is a recent
artifact of captivity. Alternatively species mixing and opportu-
nities for either direct or indirect cross-infection between ko-
alas and gibbons may have been promoted by indigenous trade
between southeast Asia and mainland Australia in precolonial
times. This mechanism has been proposed as a transmission
method of an Australian marsupial arthropod parasite, Hetero-
doxus spiniger, to Asian dogs (16).

Whether iatrogenic or natural transmission has occurred,
pinpointing the date of such a host jump through “molecular
clock” dating may help to resolve the path of cross-species
infection. However, dating virus divergence times from molec-
ular data is made difficult by lack of a suitable calibration rate.
There are no currently known divergence dates that can be
used to calibrate the rate of change in KoRV or GALV. Given
that substitution rates can vary enormously for different virus
lineages (49) and between genes within a lineage (32), it is
prudent to be wary of assuming a molecular clock to date virus
divergences. However, the relatively low degree of divergence
between the env genes of KoRV and the various GALYV strains
supports a recent divergence. In view of the apparently wide-
spread endogenous infection of koalas and the suggestion that
the exogenous GALYV viruses are relatively recently acquired
by simians (33), the possibility remains that the GALV group
originated in koalas and spread to gibbons by a yet to be
discovered mechanism. The parallel finding that macropodid
herpesviruses paradoxically cluster with the simian herpesvi-
ruses (36) also supports the possibility of an occult epidemio-
logical link between Australian marsupials and old-world pri-
mates.

Lymphoid malignancy is a relatively common disease of both
free-living and captive koalas (11, 55), and its clinical similarity
to retrovirus-associated disease in other mammals has been
noted (7, 24). The ability of GALV and SSV to cause neoplasia
in their host species has been demonstrated in both natural
(28, 54, 56) and experimental infections (12, 29). In view of the
relatively high prevalence of hematopoietic neoplasia and re-
lated diseases in koalas (4, 11, 61) and anecdotal evidence for
lymphoid neoplasia epizootics in captive koala colonies, it is
reasonable to suspect a pathogenic role for KoRV. However,
KoRYV was detected in all diseased and healthy koalas tested
and appears to be endogenous. Although this lack of clinical
correlation does not rule out a pathogenic role for the virus, it
implies that other factors are necessary for disease to occur.
Potential cofactors include superinfection with KoRV exoge-
nous pathogenic variants, recombination with other retrovi-
ruses, interactions with host haplotypes, interactions with so-
matic mutations, or coinfection with other viruses, such as
herpesviruses.

Serious consideration should be given to the zoonotic po-
tential of the GALV-KoRYV group. Early experimental work
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on GALV and more recent investigation of GALV as a vector
for gene therapy have demonstrated multiple host and tissue
tropisms (17). The broad in vitro host range of GALYV, its
apparently well-conserved receptor (42), and the evidence pre-
sented for taxonomic cross-transmission in vivo suggest that
the members of the GALV-KoRYV group have the potential for
future host jumping. Furthermore, simian type C-related virus
sequences and cross-reactive proteins have been detected in
humans (14, 17, 20, 31), and a novel strain of GALV
(GALVX) has been isolated from a human cell line (5, 43).
Continuing studies are aimed at further defining the epizooti-
ology of the KORV-GALYV group and at clarifying the patho-
genic and zoonotic potential of this virus.
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