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A novel Australian flying-fox retrovirus shares an evolutionary 
ancestor with Koala, Gibbon and Melomys gamma-retroviruses
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Abstract
A novel gamma-retroviral sequence (7912 bp), inclusive of both partial 5′ and 3′ long terminal repeat regions, was identi-
fied from the brain of a black flying-fox (Pteropus alecto), Queensland, Australia. The sequence was distinct from other 
retroviral sequences identified in bats and showed greater identity to Koala, Gibbon ape leukaemia, Melomys burtoni and 
Woolly monkey retroviruses, forming their own phylogenetic clade. This finding suggests that these retroviruses may have 
an unknown common ancestor and that further investigation into the diversity of gamma-retroviruses in Australian Pteropus 
species may elucidate their evolutionary origins.
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Retroviruses are known to cause leukaemia, lymphomas, 
neurological disease and immuno-deficiencies in a wide 
range of species [1]. The Retroviridae family is divided into 
two subfamilies, the Spumaretrovirinae and the Orthoret-
rovirinae, the latter comprising six genera, inclusive of the 
gamma-retroviruses [2]. All retroviruses have a replication 
strategy that involves the conversion of viral RNA into dou-
ble-stranded DNA which is inserted into the host’s genome 
creating a provirus [1]. Infectious exogenous retroviruses 
are transmitted horizontally or vertically between hosts, 
whereas endogenous retroviruses, which are integrated into 
germline cells, are inherited. Endogenous retroviruses are 
usually defective, but can be full-length and may have the 
ability to give rise to exogenous viruses [2]. While gamma-
retroviruses have been found in many mammalian species, 
their evolutionary origins are unknown [3].

Koala retrovirus (KoRV) was fully characterized as an 
intact gamma-retrovirus of Australian koalas by Hanger 
et al. in 2000 [4], and found to be endogenous in the genome 
of northern Australian koala populations [5, 6]. However, as 
some koala populations in southern Australia appear free of 
KoRV and KoRV-positive animals demonstrate high levels 
of viral replication, it appeared that KoRV may be an active 
exogenous retrovirus currently undergoing a natural pro-
cess of endogenisation, an interesting evolutionary event as 
a retrovirus invades a mammalian genome [5]. KoRV viral 
sequences are closely related to those of the exogenous 
gamma-retrovirus Gibbon ape leukaemia virus (GALV), a 
retrovirus isolated from captive gibbons in Thailand [4]. It 
has been suggested that these two viruses may have been 
transferred to their hosts through separate host switching 
events, as there is no evidence to suggest that KoRV and 
GALV are recombinants or have co-evolved [7, 8]. A direct 
species jump seems geographically improbable, but trans-
mission to both species from a common host that is a reser-
voir for an ancestral virus is more plausible [9].

Retroviral sequences with a close genetic relationship to 
GALV have been discovered in an Australian rodent spe-
cies Melomys burtoni [9] and the Indonesian sub-species 
of Melomys burtoni [10], named MbRV and MelWMV, 
respectively. This finding is interesting in the context of 
the relationship between KoRV and GALV considering the 
host biogeography and the potential role of rodents as vec-
tors for interspecies viral transmission of retroviruses [2]. 
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Previously, several gamma-retroviruses have been isolated 
from bat species that have basal phylogenetic ancestries for 
gamma-retroviruses [3, 11], but none have been established 
as closely related to either KoRV or GALV. This study pre-
sents a novel bat gamma-retroviral sequence that is related 
to KoRV, GALV, MelWMV, MbRV and Woolley monkey 
retrovirus (WMV), potentially sharing a common ancestor.

A black flying-fox (Pteropus alecto) was submitted to 
the Biosecurity Sciences Laboratory (BSL), Queensland, 
Australia, in July 2017 for investigation by next-generation 
sequencing (NGS). Total RNA was extracted from the fly-
ing-fox brain sample using the RNeasy Mini Kit (Qiagen), 
an on-column DNAase digestion performed following manu-
facturer’s instructions, with a final elution volume of 30 µl. 
RNA concentration was measured using the Qubit Fluo-
rometer and the Qubit RNA HS Assay Kit (ThermoFisher 
Scientific). The sequence library was prepared using the 
TruSeq Stranded mRNA Library Preparation Kit substitut-
ing the Oligo-dT capture beads with those from the Ribo-
Zero™ rRNA Removal Kit (Human/Mouse/Rat, Illumina) 
to deplete the ribosomal RNA. cDNA was prepared using 
Superscript™ II Reverse Transcriptase (ThermoFisher Sci-
entific) and all purification steps utilized AMPure XP kit 
paramagnetic beads (Beckman Coulter). The size and purity 
of the pooled sequence library were quantified using the 
2200 TapeStation (Agilent), with the final equimolar con-
centration quantified using the Qubit dsDNA HS Assay Kit 
(ThermoFisher Scientific). The library was sequenced on 
a NextSeq 500 Sequencing Platform using a NextSeqMid 
Output Kit v2 300 (Illumina).

Indexing quality control and FASTQ file generation 
were initially performed using the online server BaseSpace 
Sequence Hub (Illumina), with additional trimming per-
formed using the  Geneious® version 11.0.3 (http://www.
genei ous.com [12]) (Biomatters) plugin BBDuk (Brian 
Bushnell). Continuing with the  Geneious® assembler, de 
novo assembly was performed on the samples 12.5 million 
paired reads and sequence homology searches of the result-
ing contigs performed using GenBanks (NCBI) basic local 
alignment search tool (BLAST) against the CoreNucleotide 
collection [13] (http://www.ncbi.nlm.nih.gov/genba nk). 
Additional direct Sanger sequencing was conducted using 
primers specific to the NGS spanning areas of low reads. 
A consensus sequence for a novel flying-fox retrovirus 
(FFRV) was exported and submitted to Genbank (Acces-
sion: MK040728). Iterative mapping (5 times) against the 
final consensus sequence was performed using  Geneious® 
but did not acquire any additional reads.

Analysis identified a novel full-length gamma-retroviral 
sequence inclusive of both partial 5′ and 3′ long terminal 
repeat regions (7912 bp). The FFRV sequence was distinct 
from other gamma-retroviral sequences found in bat spe-
cies with only 48% identity to the full-length sequence of 

Rhinolophus ferrumequinum retrovirus (RfRV: JQ303225) 
in pairwise comparison. Only the pol genes from other bat 
retroviruses were available for comparison, where identity 
was again low: Pteropus alecto retrovirus (PaRV: JQ292910, 
56%), Rousettus leschenaultii retrovirus (RlRV: JQ951958, 
61%) and Megaderma lyra retrovirus (MlRV: JQ951956, 
66%). The FFRV sequence showed greater identity with the 
full-length sequences of KoRV (NC039228, 74%), GALV 
(NC001885, 79%) and WMV (KT724051, 81%) and formed 
a phylogenetic clade that included MelWMV (KX059700, 
81% identity). Only partial MbRV pol gene (KF572484) was 
available for comparison against FFRV, and identity was also 
high (83%).

To characterize the evolutionary relationship between 
FFRV and other gamma-retroviruses, full-length retroviral 
sequences were aligned in  Geneious® using Muscle [14] 
and phylogenetic trees were built using model selection 
tools in PhyML [15]. The general time reversible substitu-
tion model was employed and the bootstrapped (n = 1000) 
maximum likelihood phylogenetic tree is presented in Fig. 1. 
To estimate the relationships between FFRV and other 
retroviruses at the protein level, phylogenetic trees were 
built using the model selection method described by Hall 
et al. [16]. Seventeen sequences homologous to the FFRV 
Pol gene (3449 bp) were identified using BLAST, aligned 
using Muscle and translated into amino acid sequences. The 
Jones–Taylor–Thornton amino acid substitution model [17] 
was employed to best describe the pattern using a discrete 
Gamma distribution (JTT + G), and the maximum likelihood 
tree for the retroviral Pol genes is presented in Fig. 2.

The finding of a flying-fox gamma-retrovirus forming a 
clade with KoRV, GALV and WMV (Fig. 2) informs investi-
gations into the evolutionary origins of these retroviruses. It 
is not surprising to identify a novel gamma-retrovirus in an 
Australian Pteropus species as Chiropteran species (bats) are 
known reservoirs for many viruses [3]. Our finding supports 
the suggestion of Ciu et al. [3] that there may be several ori-
gins of retroviruses in bat species, and that indeed bats may 
be hosts for diverse retroviruses. This is evidenced by the 
FFRV being quite distinct from both PaRV from the same 
species of flying-fox (P. alecto) and retroviruses from other 
bat species (Rousettus leschenaultia, Megaderma lyra, Rhi-
nolophus ferrumequinum). While FFRV does exhibit three 
functional ORFs (gag, pol and env genes), the presence of 
partial LTRs is expected as retroviral LTRs are only partially 
transcribed into an RNA intermediate. This is suggestive of 
the virus being endogenous in nature. However, the exog-
enous versus endogenous nature of this novel virus will be 
the focus of future epidemiological investigation of FFRV 
in Australian Pteropus species.

As suggested by Simmons et al. [9] and Greenwood et al. 
[2], with respect to the hypothesis of “species jumping” of 
retroviruses closely related to GALV and KoRV, the most 
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Fig. 1  Molecular phylogenetic 
analysis of the complete retro-
viral genome of the gamma-ret-
roviruses, using the maximum 
likelihood method based on the 
general time reversible sub-
stitution model. The tree with 
the highest log likelihood is 
shown. The percentage of trees 
in which the associated taxa 
clustered together is shown next 
to the branches. (Reticuloendo-
theliosis virus REV: NC006934; 
Rhinolophus ferrumequinum 
retrovirus RfRV: JQ303225; 
Feline leukaemia virus FLV: 
NC001940; Moloney murine 
leukaemia virus MLMCV: 
NC001501; Gibbon ape leukae-
mia virus GALV: NC001885; 
Woolly monkey virus WMV: 
Melomys woolly monkey virus 
MelWMV: KX059700; Koala 
retrovirus KoRV NC039228; 
Mus caroli endogenous virus 
McERV: KC460271; Mus dunni 
endogenous virus MDEV: 
AF053745; Porcine endogenous 
retrovirus PERV: AF038600; 
Flying-fox retrovirus FFRV: 
MK040728)

Fig. 2  Molecular phylogenetic 
analysis of the Pol gene amino 
acid sequence of the KoRV/
GALV/WMV/FFRV clade, 
using the maximum likeli-
hood method based on the JTT 
matrix-based model. The tree 
with the highest log likelihood 
is shown. The percentage of 
trees in which the associated 
taxa clustered together is shown 
next to the branches
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likely candidates are those species that transit between the 
Australian mainland and South East Asia, with geographic 
ranges and feeding ecology that may result in close contact 
with both gibbons and koalas. Ciu et al. [3, 18] suggested 
that bats that harboured distinct gamma-retroviruses may 
have played an important role as reservoir hosts during the 
diversification of mammalian gamma-retroviruses, and that 
bat retroviruses are not constrained by geographic barriers. 
Denner [19] similarly suggests the hypothesis that retro-
viruses of bats are the origin of GaLV and KoRV which 
also deserve consideration. Alternatively, McKee et al. [20] 
suggest that Melomys burtoni retrovirus would be a prime 
candidate for such an ancestral virus.

Notwithstanding these hypotheses, the relationship 
between KoRV, GALV, MelWMV, MbRV, WMV and 
FFRV is still unclear. From our phylogenetic analysis, it 
may be that the ancestor of all these retroviruses infected 
an unknown host, or alternatively, these retroviruses may 
have an unknown common ancestor. From our phyloge-
netic analyses, the pattern is compatible with all possible 
host-gamma-retrovirus co-divergence versus species switch 
scenarios. Thus, further investigation into the diversity of 
gamma-retroviruses in Australian Pteropus species may elu-
cidate their evolutionary origins.
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