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Abstract

Koala retrovirus (KoRV) is unique amongst endogenous (inherited) retroviruses in that
its incorporation to the host genome is still active, providing an opportunity to study
what drives this fundamental process in vertebrate genome evolution. RNA sequencing
of KoRV from koala populations with high virus burden (Queensland) and low virus
burden (South Australia) identified that South Australian animals, a population
previously thought to have KoRV negative animals, harboured replication defective
KoRV. This discovery provides the first evidence that a host population may maintain
defective KoRV as protection from the infectious form of KoRV. This offers the intriguing
prospect of being able to monitor and selectively breed for disease resistance to protect
other wild koala populations from KoRV induced disease.

Introduction

Koalas (Phascolarctos cinereus) are an iconic marsupial species listed as
vulnerable on the TUCN ‘red list’ of threatened species . While a large part of their
ongoing population decline is due to habitat loss, two major disease threats, chlamydial
infection and Koala retrovirus (KoRV), are additionally limiting population viability 2.
These infections are particularly prevalent in the northern regions of Australia, namely
Queensland and New South Wales, and less so in the south 3#.

Following European settlement, large koala populations across Australia declined
significantly due to hunting in the 1890’s to 1920’s, with southern populations nearing
extinction. During this time, small refuge populations were established on offshore
Victorian islands and these koalas have been subsequently used to restock most of their
former southern range. This southern population is genetically distinct from the northern
animals °. The mainland Mount Lofty Ranges koala population in South Australia
originates from koalas from both the Kangaroo Island population © as well as koalas from
Queensland and New South Wales >7.

Endogenous retroviruses (ERVs) are those that have become incorporated into
their host's genome. They are ubiquitous in vertebrate genomes and in some cases
constitute up to 10% of total genome content . They are usually not functional as
viruses due to the accumulation of mutations and deletions but are often expressed at
an RNA level, where they are thought to play a role in genomic regulation & °1°,
However, the reason for their spread and persistence in genomes, whether as parasites
or commensals is still under debate . KoRV is part of a small group of unusual
“modern” endogenous retroviruses (including Murine leukaemia virus and Feline
leukaemia virus). These modern ERVs are replication competent and display considerable
overlap with their exogenous infectious counterparts, including swapping of gene
segments 2.

KoRYV is the most recent entrant into any known genome, with estimates of
integration time somewhere between 200 and 49,000 years ago >, It is thought to
have arisen from a recent species jump as its closest relatives are an endogenous virus
in @ Melomys burtoni sub-species (the grassland mosaic tailed rat) in northern Australia
and Indonesia > and Gibbon ape leukaemia virus (GALV), the latter a pathogenic
exogenous virus that most likely arose as a spill over event from south east Asian
rodents in the late 1960s . KoRV has been found in 100% of tested Queensland and
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New South Wales koalas but appears to have a lower prevalence in southern populations
*. The virus displays a high diversity in proviral copy number and integration sites
between individuals and populations, with southern animals having lower copy numbers
in their DNA ¥1° 4 KoRV was originally identified during investigations into the high
rates of lymphoid neoplasia (lymphoma and leukaemia) in Queensland koalas 3. Koalas
with lymphoid neoplasia have significantly higher KoRV viral loads in plasma 8 and some
strains of KoRV also perturb the cytokine response profile of koala lymphocytes %°.

The originally identified virus is now known as KoRV A and appears to be present
in all individuals that are KoRV-positive. A number of sequence variants of the env gene
region, which encodes the surface unit (SU) of the envelope protein (Env), have also
been identified (Figure 1). These vary between individuals and resemble the viral
quasispecies common to infectious retroviruses 2. There has been debate as to whether
the KoRV B/J variant, which displays a different receptor usage to KoRV A, is an
exogenous virus as it has been epidemiologically linked with clinical disease, however
this is still unresolved 2% 23,
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Figure 1: Schematic diagram of KoRV A complete genome (Genbank number
AF151794), showing the location of the long terminal repeats LTR (red cylinders), genes
(blue cylinders) and the location of the primers for the pro-pol gene used in most studies
(position 2982-3002) green box and the hypervariable region of the env gene (position
5901-6476) orange box.

This study examines KoRV variant differences between genetically distinct
populations from South East Queensland and South Australia. Sequence reads of RNA
isolated from koala lymph nodes were mapped to the published KoRV sequences to
examine differences in the KoRV profiles between the two populations.

Results

All 10 QLD animals were positive for KoRV pol nested PCR on DNA extracted from
whole blood, 14/19 (74%) of the SA animals were also positive. Demographic data for
individual animals are presented in Table 1.

Mapping of the Illumina reads directly to the KoRV type A and B reference
genomes (Figure 2) demonstrated that when normalised for total mapped read depth,
coverage was very similar for both the SA and QLD groups of koalas across the ends of
the genomes (LTR-gag, and env-LTR). However, between positions 1389 and 7124 of
the KoRV A sequence the SA group showed a mean coverage of < 10% of the QLD group
suggesting that part of gag, all of pro-pol and part of the env genes are largely missing
in the RNA transcripts, with six SA koalas not expressing this region at all. The target
site of the standard KoRV po/ gPCR used in most studies is contained within this missing
region ¥’. Some of SA animals were KoRV PCR positive for the proviral pol gene
suggesting that at least partial proviruses for this region are present but are expressed
at levels undetectable in the transcriptome.
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The higher number of reads in the env and LTR regions can be explained by the
presence of spliced env transcripts in addition to full length genomic transcripts as has
been reported by other groups “, although these are not detected as complete individual
transcripts by the mapping methods used in this study.
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Figure 2: Coverage of reads mapped to the full length KoRV type A reference genome
AF151794. For each group the mean normalised coverage ((per position coverage/total
coverage) x 1x10°) is represented by a line and +/- the standard error is shaded around
the mean. QLD samples in blue, SA in orange. KoRV genomic regions are marked
underneath the read maps with blue bars, these regions are: 5" LTR 1-505, gag 961-
2526, pol 2641-6024, env 5906-7885, 3’ LTR 7927-8431.

Pseudomapping of the sequence reads to the KoRV A genome (complete gag,
pro-pol and env genes) and type sequences of the hypervariable region of the env gene
(base pairs 6000-6575 of KoRV A) of each of the previously identified KoRV subtypes
(KoRV A to I as per the classification scheme used in Chappell et.al. 2016 2%)
demonstrated that while QLD koalas had multiple subtypes within individuals, SA
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animals had far lower KoRV subtype diversity. Significantly different expression was
observed for KoRV A,B,D,E and G variants between QLD and SA samples (unpaired t-test
with unequal variance, P<0.05) (Figure 3). It was observed that QLD animals were older
(mean tooth wear class 4.22, 95% CI 3.88-4.56) than SA (mean tooth wear class 3.05,
95% CI 2.58-3.52) and so age may confound KoRV expression comparisons. When the
same test was repeated for samples from koalas with tooth class 4 (7 QLD 8 SA
samples), expression of A,B,E and G variants remained significantly different between
locations (Extended data file 3), supporting the finding that KoRV expression is
significantly different between the QLD and SA populations. Eleven out of nineteen SA
animals (58%) had KoRV A. Six of these koalas had only KoRV A reads (Figure 3 and
Table 1). Four animals had reads for KoRV A and one other variant only (D or E). Two
animals had reads for KoRV E but no detectable reads for any other variant (including
KoRV A). Only one SA koala (Z Table 1) had counts comparable to the QLD cohort with a
similar range of variants (A, B, C, D, E, F, G, I), while the rest had counts that were
<10% of the QLD koalas. Pol gene counts were also similarly considerably lower in the
SA koalas than the QLD group. Relative expression as estimated count values for
individual animals for each gene region and KoRV subtype are presented in Extended

data file 2.
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Figure 3: Normalised expression Log10(estimated counts) of KoRV A complete env gene
and the 575 nucleotides of the hypervariable region of the subtypes (B-I). Box and
whisker plots show the median and interquartile ranges (box) and minimum/maximum
expression (whiskers) of groups. Data for individual animals within a group are shown by
circles. QLD animals in blue and SA animals in orange. Env variants with significantly
different expression between QLD and SA groups marked with black bars (** = P<0.01,
*= P<0.05)

Discussion

The findings of the current study suggest that KoRV infection involves a more
complex host-viral relationship than previously recognised, particularly in SA koalas.
Other studies have shown differences between northern and southern koala populations
in the prevalence of KoRV infection, levels of KoRV proviral and viral loads and disease
burden. Our study has revealed additional host and viral factors that indicate these
population differences are more complicated than merely presence or absence of virus
and virus load.The results of this study were unexpected. The central portion of the virus
genome was significantly lower in transcript coverage in the SA koalas. There are two
possible explanations for this: either this portion of the DNA is missing from proviral loci
in the SA animals, or it is present but not being transcribed.

Five SA koalas didn’t have any reads at all for the pol gene and these transcripts
are unlikely to function as an infectious virus. It is possible that these koalas have
truncated KoRV proviral loci in their genomes directly transcribing these variants. We
cannot tell from this study whether these transcripts arise from a single genome locus
that is identical in all SA animals or multiple loci. Recombination of ERV loci in the
genome into new RNA variants in the transcriptome is a well described phenomenon in
other species %°3° and careful comparison of paired DNA and RNA samples from the
same animals would be required to untangle this.

Koalas with genuinely truncated proviral loci would have been identified as KoRV
negative in previous studies as the standard tests for the virus are conventional PCR or
gPCR assays targeting the portion of the pol gene that is missing in these transcripts
42731 However 14 (74%) of the SA animals did have this gene region in their DNA
(Table 1) and many of them had detectable (if low) reads across the full KoRV genome
so it is reasonable to assume that at least some of them had full length proviral DNA
that was not being expressed. Other studies using KoRV po/ PCR tests for proviral loci in
DNA have also indicated that at least some southern animals have this gene but at much
lower copy numbers than in QLD animals *. The pattern of deletion for more ancient
retroviral loci is one of loss of the env genes with maintenance of the gag-po/ genes to
facilitate spread within individual cells '*. The replication defective variants missing their
pro-pol genes in the current study indicate that the drivers of retroviral endogenisation
in the face of an infectious virus challenge are very different to the long term ones in
well adapted virus/host systems.

These SA koalas may be infected with an exogenous virus variant that is currently
under immune control, with proviral loci present but not expressed as RNA. This would
be similar to the situation with cats infected with Feline leukaemia virus (FeLV) which
manage to control but not clear virus infection 32. QLD animals with full length
endogenous loci are likely tolerized to the virus by in-utero expression of viral genes and
their immune systems are unable to recognise and respond to any exogenous virus. This
is the probable explanation for many QLD animals having no KoRV antibodies and not
developing them on vaccination 3 **. SA animals expressing only partial viral RNA for the
gag (capsid gene), if this is not being translated as protein, may not be hampered in
virus control this way. This does not explain however why these SA animals are
expressing partial viral RNA. Further work will need to establish whether KoRV positive
SA animals routinely have detectable antibody to the virus (which would imply control of
infectious virus as for FelLV cats).
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These replication defective variants may have originally arisen by being “carried”
along with replication competent viruses as occurs for other retroviruses such as Rous
Sarcoma Virus *°. It seems likely that these variants along with full length ones were
present before the southern animals were genetically isolated in the 1920’s and that the
other allelles were lost due to the genetic bottlenecks in the Mount Lofty population. Due
to the admixture of northern genotype animals in the Mount Lofty population it is still
possible that other more isolated southern genotype populations may have genuinely
KoRV free animals. Retesting these southern populations with gag or LTR primers should
be a priority.

This host genetic restriction in the SA population may also have resulted in
animals with viral receptor allelles that are unable to bind infectious KoRV, restricting
infectious virus replication and transmission. This situation occurs in several mouse
strains resistant to certain murine leukaemia virus strains *, though to date there are no
known variations between southern and northern koalas for the KoRV A and B receptors,
Pit1, and THTR1 2>%, It is also possible that mutations in other genes important in
retroviral replication (such as retroviral restriction factors) differ between the two
populations resulting in restricted replication in the SA animals but this remains to be
explored.

Replication defective ERV sequences play an intriguing role in disease
pathogenesis in other ‘modern’ endogenous retroviruses with infectious counterparts.
The best studied of these are the Avian leucosis group E viruses (ALVE) in chickens, also
known as ev loci. These are genetically very similar to the circulating exogenous
(infectious) avian leukosis/sarcoma viruses 8. Selective breeding of birds with low viral
excretion has led to strains of chickens with undetectable levels of infectious viral
particles. The genotype of these strains varies, from those that completely lack ALVE
loci, to those that contain defective ALVE loci that do not produce infectious virus
particles, to those that have active ALVE loci but lack the receptor for the virus (meaning
that it cannot re-infect somatic tissue). Some strains of birds that produce ALVE
envelope proteins (but not full virus particles) are actually resistant to infectious ALVE as
ggle defective envelope proteins “blockade” the receptor for the virus preventing infection

A similar receptor blockade by defective Env proteins occurs in Jaagsietke sheep
retrovirus (JSRV)*°, in part explaining the tissue tropism of the exogenous virus for
tissues where the endogenous variants are not expressed. Endogenous JSRV loci also
exert a further block on exogenous viral replication at the viral assembly stage, where
defective Gag proteins from the ERV loci are packaged along with infectious variants
preventing the viral particles from being packaged and transported correctly for viral
release from the cell. Receptor blockade by endogenous Env proteins has also been
reported in Murine Leukaemia virus variants in mice, along with a Gag mediated block at
the pre-integration step of viral replication **.

None of these scenarios fully explain the situation with these KoRV transcripts as
it would appear impossible for complete Env and Gag proteins to be produced in many of
these animals. They do however raise the intriguing possibility that these replication
defective transcripts are interfering in some way with the full length virus variants
completing their replication cycle. Future work will need to include in vivo studies of
receptor usage by the truncated variants identified here and whether these variants do
(and at what stage) blockade infectious virus replication.

This study does not resolve the issue of which (if any) of the identified KoRV env
subtypes is the transmissible version of the virus but, it does offer some possibilities. As
has been reported in many other studies 2:2%3742 our northern animals display
considerable quasispecies variation in their KoRV isolates as would be expected for a
infectious replicating retrovirus. Comprehensive phylogenetics from Chapell et.al. (2017)
21 demonstrate that KoRV A is basal to both KoRV B and a large number of sequence
variants under the paraphyletic group KoRV D. KoRV variants C and E (found here) have
previously only been identified in koalas in zoos outside Australia *” and not previously
identified in wild koalas; the KoRV E variant uses a different receptor to KoRV A and is
speculated to be a potential exogenous virus. No animals prior to this study that have
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tested positive for KoRV have lacked the KoRV A variant 213*37, The two SA animals in
this study with only KoRV E reads without detectable KoRV A are therefore of interest,
although the very low read counts for these animals mean these results must be treated
with some caution. Eleven of our 19 SA koalas expressed KoRV A but at <10% of the
counts of QLD koalas. Only 5 of these animals expressed other variants along with KoRV
A, 4 of these expressed D or E only. Only one animal (which may represent an escape
from suppression of viral replication, a well described phenomenon in retroviruses) had
more than one other KoRV env subtype, including KoRV B which has not been reported
previously in southern Australian koalas 3!, despite over 160 animals being examined in
a study in Victoria.

We consider that KoRV A, rather than representing the endogenous version of the
virus, could be the primarily transmitted virus with other variants arising within
individual animals. This situation would be analogous to that seen in FeLV where the
FeLV A strain is the only one that spreads from cat to cat, with the B, C, D, T and feline
fibrosarcoma strains arising independently in individual animals via env mutations or
recombination with endogenous loci or the acquisition of cellular oncogenes. The derived
strains of FelLV use different receptors, and display altered pathogenicity, to the FeLV A
strain **** again analogous to KoRV where the KoRV B and E variants use a different
receptor to KoRV A 2>*2, Should it prove the case that only one strain of KoRV is
transmissible, this bears promise for the success of a vaccination effort 3*; the
commercial FeLV vaccines that target only the A variant have been highly successful in
reducing the incidence of clinical FeLV disease *°.

The discovery of these replication defective KoRV sequences in SA animals has
opened up a number of intriguing implications for both controlling disease in koala
populations and the drivers of retroviral endogenisation in their hosts. The hypothesis
that the replication defective variants may blockade infectious KoRV replication, if
substantiated, opens up the option to use selective breeding to re-introduce this trait
into the KoRV susceptible northern population.
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Tables

Table 1: KoRV variant expression of individual animals

ID Location® Sex Age® Provirus PCR® KoRYV variants®
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A3 SA
 Population location: QLD - Queensland; SA - South Australia
 Age determined my dentition and the degree of wear of the upper pre-molar (Martin
et al. 1999)
¢ based on nested PCR for pol provirus on whole blood DNA
4 KoRYV variants determined by KoRV transcripts; ALL = all published variants (A to I)
¢ N= no env hypervariable region detected.
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Extended data

Extended data File 1: Details of the animals included in this study: N/A = sample not
available for testing, region of origin, QLD= Queensland, SA= South Australia, sex, M=
Male, F= female, tooth wear class (age classification on a 7 point scale *¢), KoRV
proviral status (pol gene PCR on DNA from whole blood), lymph node RNA quality and
NGS read details: concentration, A260/280 and A260/230 ratios, RIN value, number of
paired raw reads and number of trimmed reads from each sample.

Extended data File 2: Estimated counts of KoRV subtypes for individual animals,
Column A = Sequence read archive (SRA) identifier,Column B = Koala ID as per
Supplementary file 1, Column C, D, E: TPM for KoRV A, gag, pro/pol and env (Genbank
number AF151794), Column F-M = KoRV env subtype based on the first 575 nucleotides
of the env gene subtypes (B-I). Column N= State of origin, Column O= KoRV pol gene
PCR on whole blood DNA.

Extended data File 3: Normalised expression Logl0(estimated counts) of KoRV A
complete env gene and the 575 nucleotides of the hypervariable region of the subtypes
(B-I) for animals from tooth wear (age) class 4. Box and whisker plots show the median
and interquartile ranges (box) and minimum/maximum expression (whiskers) of groups.
Data for individual animals within a group are shown by circles. QLD animals in blue and
SA animals in orange. Env variants with significantly different expression between QLD
and SA groups marked with black bars (** = P<0.001, *= P<0.005)

Methods
Ethics

Ethical approval for this study was granted by the University of Queensland
Animal Ethics Committee, permit number ANFRA/SVS/461/12 and ANRFA/SVS/445/15,
the Queensland Government Department of Environment and Heritage Protection permit
number WISP11989112, the University of Adelaide Animal Ethics Committee permit
number S-2013-198 and the South Australian Government Department of Environment,
Water and Natural Resources Scientific Research Permit Y26054.

Samples

Samples were collected from wild-rescued koalas euthanised for clinical reasons
and submitted for post-mortem examinations from South East Queensland (Greater
Brisbane) (n=10) and South Australia (Mount Lofty Ranges) (n=19). Age was
determined by dentition and the amount of wear on the upper premolar 2*.
Submandibular lymph nodes were collected within 2-6 hours of death into RNALater®
and stored at -80°C. Where possible, blood was collected into EDTA prior to euthanasia
(BD vacutainer).

Total RNA was extracted using an RNeasy Mini kit with on column DNAasel
digestion (Qiagen). RNA quantity and quality were assessed via anXpose
spectrophotometer (Bioke) and Agilent 2100 Bioanalyzer. mRNA was prepared for
sequencing using the Illumina TruSeq stranded mRNA library prep kit and 100 base pair,
paired end sequencing was performed on an Illumina HiSeq. Details of the koalas,
sample quality and read quantity are provided in Extended data file 1.

DNA was extracted from 100 pl of EDTA blood using a DNeasy blood and tissue
kit (Qiagen). KoRV DNA proviral presence in whole blood was established using a
published nested PCR for the KoRV polymerase gene *. Of the ten koalas from South
East Queensland (QLD), six were male and four female and all were adults, with a tooth
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wear class (TWC) 4 or 5. Nineteen koalas were sampled from the Mount Lofty Ranges,
South Australia (SA); seven female and 12 male. Six were juvenile (TWC 1 or 2) and 13
were adults (TWC 3 or 4).
KoRV genome coverage

To reduce mis-mapping due to the abundance of highly repetitive long terminal
repeat sequences, the adapter-trimmed fastq files were first mapped using Hisat2 2° to
the isolated Long Terminal Repeat (LTR) region of the koala KoRV type sequence
(accession AF151794). LTR depleted reads were then mapped to the complete genomes
of Koala retrovirus KoRV A and KoRV B (AF151794.2 and KC779547.1 respectively)
using Hisat2 . Per-base coverage was determined from bam files for each isolate using
samtools version 1.3.1 depth (with parameters —aa —q 10 -d 20000).
KoRV subtype gene expression

To quantitate the expression of KoRV subtype genes, LTR depleted reads for
individual koalas were pseudoaligned to the gag, pol and env genes of KoRV subtype A
(accessions AAF15097.1_1, AAF15097.1_2 and AAF15097.1_3 respectively) and the
first 575 nucleotides of the env genes of KoRV subtypes B-I (accessions AB822553.1,
AB828005.1, AB828004.1, KX588043.1, KX587994.1, KX587961.1, KX588036.1 and
KX588021.1 respectively) using Kallisto ?°. These nucleotides correspond to the
hypervariable region of the env gene that is used in KoRV subtype classification.
Data Availability

KoRV sequence data (as fasta formatted data) are available from adac figshare
[https://figshare.com/articles/KoRV_Genome_Alignment_resulting_Fasta_files_/]. Raw
sequence reads fastg format are available at ENA with the accession number

[PRIEB21505].
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