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Abstract

Koala retrovirus (KoRV) is a recently endogenised retrovirus associated with neoplasia and
immunosuppression in koala populations. The virus is known to display sequence variability and to be
present at varying prevalence in different populations, with animals in southern Australia displaying
lower prevalence and viral loads than northern animals. This study used a PCR and next generation
sequencing strategy to examine the diversity of the KoRV env gene in both proviral DNA and viral
RNA forms in two distinct populations representative of the “northern” and “southern” koala genotypes.
The current study demonstrated that the full range of KoRV subtypes is present across both populations,
and in both healthy and sick animals. KoRV-A was the predominant proviral subtype in both
populations, but there was marked diversity of DNA and RNA subtypes within individuals. Many of
the northern animals displayed a higher RNA viral diversity than evident in their proviral DNA,
indicating relatively higher replication efficiency of non-KoRV-A subtypes. The southern animals
displayed a lower absolute copy number of KoRV than the northern animals as reported previously and
a higher preponderance of KoRV-A in individual animals. These discrepancies in viral replication and
diversity remain unexplained but may indicate relative protection of the southern population from
KoRV replication due to either viral or host factors and may represent an important protective effect

for the host in KoRV’s ongoing entry into the koala genome.

1. Introduction

Koala retrovirus (KoRV) is reportedly the youngest endogenized retrovirus (virus integrated in the
host’s germline and inherited as part of its host’s genome), having been integrated in the koala genome
only about 22,200-49,900 years ago (Ishida et al., 2015). The low genetic diversity of the long terminal
repeat (LTR) regions of KoRV provirus sequences suggests that endogenous KoRYV probably arose as
part of a single outbreak (Ishida et al., 2015). KoRV is also evident in an apparently exogenous
(horizontally infectious) form (Hobbs et al., 2017), with many koalas possessing high levels of KoRV
RNA in plasma reflecting active viral replication. KoRV is found at a proviral prevalence of 100% in
koala populations in northern regions of Australia (Tarlinton et al., 2005; Simmons et al., 2012) and at
much lower prevalence (15-25%) in southern populations (Simmons et al., 2012; Legione et al., 2017).
This range of prevalence has led to suggestions that KoRV is currently spreading throughout the
Australian koala population following a ‘northern to southern’ transmission wave (Fiebig et al., 2006;
Tarlinton et al., 2008). Other recent work has indicated that, in southern populations that have
apparently low KoRV prevalence, KoRV-negative animals may in fact have defective versions of the
virus, missing the pol and env gene portions most commonly used in virus detection studies (Tarlinton
etal., 2017).
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The outcome of natural KoRV infection is variable, and little is known about the mechanisms of
pathogenesis. KoRV is associated with neoplasia and immunosuppression leading to clinical chlamydial
disease (Canfield et al., 1988; Hanger et al., 2000; Xu et al., 2013; Fabijan et al., 2017; Gonzalez-
Astudillo et al., 2017; Nyari et al., 2017; Burnard et al., 2018). For retroviruses in other species,
mutation or recombination events in env genes play a significant role in pathogenicity, such as
immunosuppression induced by subtypes of feline leukaemia virus (FeLV) (Overbaugh et al., 1988;
Anderson et al., 2000; Chandhasin et al., 2005a; Chandhasin et al., 2005b).

Classification of KoRV subtypes (in line with similar naming schemes used for better studied
gammaretroviruses such as FeLV) is based around the nucleotide sequence of the env gene, which
encodes the surface protein (SU) and transmembrane protein (TM) of the virus. The 5’ end of this gene,
known as the hypervariable region, is of particular importance in subtype classification. This region of
the env gene encodes the protein most exposed to the host’s immune response as it is external to the
virus membrane and is therefore typically the most variable portion of a retrovirus. This region of the
virus also determines host receptor specificity (and therefore cellular tropism) and is one of the major
determinants of pathogenicity in FeLV (Bolin and Levy, 2011). The classification system of KoRV is
based around phylogenetic groupings of env gene nucleotide sequences. For some subtypes (though not
all) receptor binding differences have also been determined. The generally accepted classifications are:
KoRV-A (Hanger et al., 2000), which binds to the sodium-dependent phosphate transporter Pit-1,
KoRV-B and J which bind to the thiamine transporter encoded by THTR1 (Xu et al., 2013), KoRV-C,
KoRV-D (Shojima et al., 2013), KoRV-E, KoRV-F (Xu et al., 2015), KoRV-G, KoRV-H, and KoRV-
I (Chappell etal., 2017). The receptor usage of subtypes C, D, E, F, G, Hand I have not been determined.
KoRV-A is found in every KoRV-positive koala and is considered the endogenous version of KoRV
from which other subtypes have arisen (Chappell et al., 2017; Hobbs et al., 2017). The other subtypes
of KoRV are possibly not germ line transmitted, as they were present in only low copy number in the
koala reference genome animal, and as such were considered putative somatic insertions (Hobbs et al
2017). The same study also reported that KoRV-D and KoRV-E were present only as defective viruses
and the authors hypothesised that these subtypes may be transmitted with a replication competent
“helper” virus as has been documented for other retroviruses (Hobbs et al., 2017). KoRV-B is thought
to be more pathogenic than KoRV-A, having been reported at an increased prevalence in animals with
chlamydiosis or neoplasia than in healthy animals (Waugh et al., 2017). KoRV B and J isolates have
also been reported to have variable numbers of copies of repeat regions (these are present as single
copies in all KoRV A variants) in their LTRs. These types of repeats are known to enhance replication
efficiency in other retroviruses such as FeLV (Xu et al., 2013; Chaban et al., 2017; Waugh et al., 2017).

This study explored the evolutionary patterns of KoRV env gene subtypes in two koala populations.

Patterns of KoRV genetic diversity were investigated in one “northern” genotype in South-East
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Queensland (QLD) with a KoRV prevalence of 100% and one “southern” genotype in the Mount Lofty
Ranges, South Australia (SA), with an unknown prevalence (Figure 1). Patterns of KoRV env subtype
diversity were compared in paired DNA and RNA samples in a subset of koalas from both populations
to understand env gene variation in integrated proviral genome (DNA) and in circulating virus (RNA).
Further, this study examined the possible relationship of env gene subtypes with a diverse range of

clinical diseases.

2. Results

This study assessed env gene diversity of both integrated KoRV provirus DNA and expressed plasma
viral RNA. Thirty-three “northern” (Queensland, QLD) koalas were assessed, comprising 28 with
paired DNA and RNA samples and five with only DNA as plasma was not available. Twenty-eight
“southern” (South Australia, SA) koalas were included, comprising five with paired DNA and RNA
samples, and 23 with only DNA samples because plasma was not available (10 animals) or the RNA
sample was negative in the env gene RT-PCR (13 animals). The overall summary of the demographic

details and clinical status of the animals is shown in Table 1 and details are in supplementary file 2.

After quality evaluation and filtration, an average of 22719 total reads were generated for each provirus
DNA sample, ranging between 6169 to 59558 total reads. However, the number of total reads was
higher from amplified RNA, averaging 104894 total reads with a range of 12717 to 245827.

Table 1: Overall details of study samples (percentages of the total number of animals are given in
parentheses). Not all information was available for all koalas.

Variables Characters Queensland South Australia

Sex Male n= 20 (60.6%) n= 14 (50%)
Female n= 13 (39.4%) n= 14 (50%)
Total n=33 n=28

Age group Juvenile n=2(6.3%) n=3(11.5%)
Young adult n =8 (25%) n =14 (53.8%)
Adult n =22 (68.8%) n =9 (34.6%)
Total n=32 n=26

Body condition score 0to<3 n =15 (46.9%) n =4 (15.4%)
>3t05 n =17 (53.1%) n =22 (84.6%)
Total n=32 n =26

Clinical status Healthy n=11(33.3%) n =5 (17.9%)
Neoplasia n =28 (24.2%) n=>5(17.9%)
Oxalate nephrosis negative n=>5(17.9%)
Chlamydiosis n =16 (48.5%) n =11 (39.3%)
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2.1 Env subtypes

From deep sequencing, a total of 169 unique sequences were generated after sequence validation from
all samples of both populations. Sequence reads are available under Sequence Read Archive accession
number SRR8375764. The sequence alignment is shown in supplementary file 3. The Bayesian
phylogenetic tree (Figure 2) showed high genetic diversity in the KoRV env gene at the population
level. The identified sequences were grouped with previously recognized subtypes A, B, D, and |.
Subtypes B and | were monophyletic in the tree with posterior probability support of 1.0. Subtype A
formed a well-supported monophyletic clade. In contrast, subtype D exhibited multiple sub-clades with
relatively long branches, high posterior probability values and sequences that were divergent in the
hyper-variable region of the env receptor binding domain (RBD) (Supplementary Files 3 and 4). This
subtype D grouping, with posterior probability support of 0.93, contained reference sequences that had
been previously identified as subtypes F, G and H in addition to previously assigned subtype D
sequences (Chappell et al., 2017). We identified 13 distinct sub-clades within the subtype D grouping;
each of these sub-clades was strongly supported with posterior probabilities of 0.99-1.0. Two of these
sub-clades contained only KoRV-G or KoRV-H sequences, and for consistency with the literature, we
retained these names despite their phylogenetic placement as sub-clades within subtype D. The
remaining 11 sub-clades within subtype D were designated D1 to D11. Sequences that had previously
been designated KoRV-F by different authors (Xu et al., 2015; Chappell et al., 2017) belonged to two
different subtype D sub-clades in our analysis, with the Chappell et al. (2017) sequence strongly
clustering with sub-clade D3 and the Xu et al. (2015) sequence clustering with moderate support
(posterior probability 0.83) with D9. Previously assigned KoRV-D sequences clustered either with sub-
clade D1 (Shojima et al., 2013) or D4 (Chappell et al., 2017). Sequences clustering in sub-clades D2,
D5, D6, D7, D8, 10 and D11 were not matched or clustered with any reference sequences. Subtypes C
and E, which have been previously described (Miyazawa et al., 2011; Shojima et al., 2013; Xu et al.,
2015), clustered together close to but distinct from group D.

Sequences in this study were assigned to all of the afore-mentioned subtypes except for subtypes C, E
and H, which were not found in any of our samples. A total of 63 sequences were found from the KoRV-
A subtype, 22 from subtype B, 16 from subtype I, and 68 from subtype D. Within the subtype D
sequences, most (22) sequences were within the D1 sub-clade, with one sequence in each of D4 and
D10, two in each of D6, D8 and KoRV-G, four sequences in each of D2 and D7, five in D3, six in D5,

eight sequences in D9, and 11 sequences in the D11 sub-clade.

The average read count of each unique sequence was highly diverse between animals, between RNA
and DNA forms in the same animal and within the two koala populations (QLD and SA). The number

of different KoRV DNA sequences within an individual, indicative of the number of provirus insertions,
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was significantly higher (Mann Whitney U, p< 0.0001) in QLD individuals (median 77, range 63-100)
in comparison to SA koalas median 59, range 43 — 74).

The read count details of unique sequences in individual animals are available in Supplementary File 5
and the relative percentage levels of each subtype (group of sequences) are available in Supplementary
File 6. There was variation among individuals in overall read count and so read counts of subtypes were
converted to the relative percentage of each subtype of the total reads for that individual with following

equation:

Relative percentage of each specific subtype (for each individual) = (total number of unique

sequence reads of the subtype / total read count of all subtypes) x 100

2.2 Env subtype abundance in QLD and SA koala population

As shown in Figure 3, the absolute read count values of env gene subtypes in the DNA of QLD koalas
were significantly higher (p value <0.0001) in comparison to SA koalas. Each koala had multiple env
subtypes in their genome (Figure 4). In the QLD animals, KoRV-A, KoRV-B, and KoRV-D (sub-clades
10 and 11) were present in proviral DNA form at some level in all individuals (supplementary file 5
and 6) KoRV-A was the dominant subtype (present at >40% of reads) in proviral DNA in 30 of the 33
QLD animals (Figure 4A). The exceptions were two animals where the D1 subclade was in higher
abundance and one koala with the D6 subclade as the highest abundance. For the SA koalas, subtypes
A, B and sub-clade D10 were present in the DNA of all koalas, while sub-clades D1 (27/28) and D11
(27/28) were also represented in the majority of koalas. KoRV-A dominated the proviral DNA subtypes
in all SA koalas with a much higher relative percentage than in the QLD animals. The median Shannon
diversity index was also significantly lower in the SA than the QLD animals (Mann Whitney U
(<0.0001).

The subtypes present in the RNA of individual animals differed from those present in the DNA. The
median Shannon diversity index was lower for DNA than RNA samples for both populations but did
not reach significance (Mann Whitney U test, QLD p=0.4 and SA p=0.5). For the QLD animals subtypes
A, B, D2, D3 and D5 were more abundant in the DNA samples and D10 and G more abundant in the
RNA samples (FDR p values >0.005). All QLD (n=28) and SA koalas (n=5) had subtypes or subclades
A, B, D1, D10 and D11 at some level in their viral RNA,; additionally all SA koalas also had subclades
D2 and D3.

All five SA koalas showed a very high relative percentage of KoRV-A (92.5-99.9%) in viral RNA. In
contrast, none of the RNA samples for QLD koalas showed KoRV-A to be the most abundant subtype,
with KoRV-B (n=8), D11 (n=7), D1 (n=3), D3 (n=2), KoRV-I (n=1), D2 (n=1), D5 (n=2), D6 (n=2),
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D7 (n=1) or D8 (n=1) the most abundant subtypes or subclades within individual koalas (supplementary
file 6)

2.3 Distribution differences between viral DNA and RNA of env subtypes

The difference in the distribution of subtypes between viral DNA and RNA of individual koalas was
striking, in particular amongst the QLD koalas (Figure 4A and 5 A,C). In some koalas, the predominant
viral RNA subtype formed only a very minor proportion of the proviral DNA subtype distribution. As
examples, koalas Q2 and Q27 had an overwhelming predominance of subtype/subclades D2 and D8 in
their viral RNA, comprising 85% and 88% of their RNA subtype distribution, respectively, whereas
these two subtypes comprised only 13% and 8%, respectively, of the proviral DNA subtype distribution
in these koalas. Within individual koalas, it is clear that some KoRV proviral subtypes have very high

rates of expression while others are poorly expressed.

These results probably reflect a greater replication rate (and overall viral load) in the QLD animals with
viral diversity increasing in the RNA form of the virus (a greater number and range of non KoRV-A
subtypes being produced). In the SA animals where the viral load (and presumably the replication rate)
is lower this difference in viral diversity is not seen, with these animals continuing to display a higher
preponderance of the ancestral A subtype (both when compared to the QLD animals and when RNA

and DNA forms within the SA animals are compared).

2.4 KoRV-A and KoRV-B status based on conventional PCR

Conventional PCR of DNA using KoRV-A and KoRV-B specific primers demonstrated a 100%
prevalence of KoRV-A in QLD koalas and 96.4% in SA koalas, while the KoRV-B prevalence was
48.5% in QLD and 0% in SA koalas. This is in contrast to the MiSeq deep sequencing results where all
animals in both populations were positive for both subtypes. There was a significant differences
(p<0.0001) between a positive test for KoRV B with conventional PCR and a Miseq read count of
>2700 for KoRV B. With one exception, koalas with raw read counts below 2700 were negative by

KoRV-B specific conventional PCR.

2.5 Subtype correspondence with clinical status of respective koalas

Amongst the 33 QLD koalas, 11 were clinically healthy, 13 had chlamydiosis, four had neoplasia, four
had both chlamydiosis and neoplasia and one had a non-neoplastic hepatic mass (Table 1 and
Supplementary File 2). All DNA and RNA subtypes, including the putative pathogenic KoRV-B, were
found in both healthy and diseased animals. Of the 28 SA koalas, 12 had chlamydiosis, five had

neoplasia, five had oxalate nephrosis (a genetic kidney disease not commonly found in QLD animals),
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and six were healthy. As with the QLD animals, all SA koalas had both KoRV-A, KoRV-B and
subclades of KoRV-D.

There were too few animals (particularly in the SA population) with RNA for a sensible analysis of
disease status vs viral subtypes. For proviral DNA there was no clear association between the abundance
of any particular subtype and any particular disease syndrome. Graphs of subtypes A, B, combined D
and | versus disease categories of healthy, neoplasia, oxalate nephrosis and chlamydiosis for each
population are presented in supplementary file 7. There was a trend towards healthy animals (in both
the QLD and SA populations) and the oxalate nephrosis animals in the SA population (this disease is
thought to have a genetic basic) having a lower viral diversity (with a greater preponderance of KoRV
A) than those with neoplasia or chlamydiosis (the diseases thought to be associated with KoRV
infection) though a major confounding factor for more robust analysis here was the number of animals
with multiple disease syndromes and the small number of animals in some disease categories in each

population.

3. Discussion

Despite the high prevalence of KoRV and its potential impact on the health of koalas, there are few
reports available about KoRV genetic diversity in the Australian koala population. Most of the
information about KoRV diversity comes from studies in overseas captive koalas (Miyazawa et al.,
2011; Shojima et al., 2013; Xu et al., 2013; Xu et al., 2015) or wild South-East Queensland (SE QLD)
koalas (Chappell et al., 2017), all of which are of the “northern” or mixed genotypes. Here, we made a
substantial contribution to knowledge in this field by investigating KoRV env gene diversity in diseased
and healthy koalas from both “northern” and “southern” genotype populations (SE QLD and Mt Lofty
Ranges, SA) highlighting the differences in abundance of KoRV subtypes at both DNA and RNA level
between these populations, with the southern animals demonstrating both a lower viral load, a reduced
viral diversity and a greater preponderance of KoRV A abundance. The paired DNA-RNA samples in
individual koalas also demonstrated that the abundance of different DNA and RNA subtypes within
individual koalas do not correspond to each other, with a trend (though not significant) towards a higher

diversity in the RNA samples, indicating variable expression of proviral DNA subtypes.

Our study demonstrated that the full range of KoRV subtypes was present in both northern and southern
koala populations, and in both DNA and RNA forms of the virus. The finding of KoRV-B in all southern
animals studied was unexpected and is in contrast to recent PCR-based studies of KoRV-B prevalence
which have reported varying (Waugh et al., 2017) or absent (Legione et al., 2017) prevalence rates of

KoRV-B in “southern” animals.
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Phylogenetic analysis of the KoRV env genes in this study found four major subtypes; three were
strongly supported monophyletic clades clustering with previously designated as A, B and 1. The fourth
subtype was the large paraphyletic group D, which this study classified into 13 sub-clades comprising
previously designated subtypes G and H and newly designated subtypes D1 to D11. Two reference
sequences that had previously been designated KoRV-F clustered with two distinct group D subtypes
(KoRV-D3 and KoRV-D9). The paraphyletic nature of the subtype D grouping highlights the
difficulties of assigning KoRV subtypes. Rather than following convention and designating our newly
identified sequences as further alphabetical subtypes (KoRV-K, L, M, N, etc), we recognised that these
sequences belong to a large phylogenetic grouping and should not be classified as distinct lettered
subtypes, but rather as sub-clades of subtype D. We cannot entirely rule out PCR related recombination
of differing loci or PCR based errors in the sequences (particularly for the KoRV-D group) though the
parameters set for including sequences in subsequent phylogenetic analysis (sequences present in at
least two animals, a minimum read count of four and a 99% clustering threshold) will have removed

sequences that appeared only once in the data.

KoRV-A, KoRV-B, and KoRV-D sub-clades 1, 10 and 11 were highly prevalent in individuals in this
study, while KoRV-C, E and H were not identified. KoRV-C was identified at a Japanese zoo from
captive koalas (Shojima et al., 2013) and to date has not been found in any wild koala (Chappell et al.,
2017; Hobbs et al., 2017). KoRV-E was identified from a zoo in USA (Xu et al., 2015) and was also
not found by Chappell et al. (2017), although a defective form is present in the reference genome animal
(Hobbs et al., 2017). KoRV-H is rare, having been found in only one animal in viral RNA form
(Chappell et al., 2017); in our study, KoRV-H sequences clustered within a larger KoRV-D clade, so
it is possible that this subtype may exist in other geographic ranges. Overall these data highlight the
extreme intra-animal variability of KoRV with many subtypes being reported in only a small number

of animals.

This study is not able to distinguish between endogenous (incorporated into the genome and vertically
transmitted) and exogenous (horizontally transmitted) virus. Indeed, in a newly integrated virus like
KoRV, this distinction may not be very helpful as there is no reason why the virus cannot be both
vertically and horizontally transmitted. The original demonstration of KoRV as an endogenous virus
(Tarlinton et al 2006) did not use methods that would distinguish the different KoRV subtypes, though
subsequent analysis of the variants present in the reference genome animal (of the northern genotype)
(Hobbs et al., 2017) indicated that KoRV-A is endogenous in this animal (present at high copy number)
while variants B-1 are likely present only as low copy number somatic cell insertions (and so likely not
vertically transmitted) though to date this has only been examined in this one individual. A number of
sequencing efforts from museum specimens have only demonstrated KoRV-A and not the other variants

in historical specimens (though DNA quality is an issue in these specimens). There has been limited
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sequencing of KoRV strains outside of the variable region of env; analysis of the koala reference
genome indicated that variants D and E were defective in the source animal (Hobbs et al., 2017). This
does not mean that these variants are not horizontally transmitted as there are multiple examples of
retroviruses in other species (notably cats and chickens) where defective viruses are transmitted
alongside replication competent “helper viruses”. KoRV-A might represent remnants of ancestral germ-
line infections by exogenous retroviruses with other forms of the virus representing those still active
due to continual reinfection or retro-transposition in cis within germ-line cells as reported in other
retroviral systems (Boeke and Stoye, 1997; Belshaw et al., 2005). This theory is potentially supported
by the phylogenetic pattern evident in the KoRV-A isolates in this study, with the long branch lengths
obvious within the KoRV-A cluster (supplementary figure 4) consistent with very closely related

endogenous proviruses that have diverged post integration.

KoRV-A is at any rate present in all KoRV positive koalas and is consistent with being endogenous
(Xu et al., 2015; Legione et al., 2017; Waugh et al., 2017). This study confirms KoRV-A as being
present in all KoRV positive koalas as previously reported by many groups. It also highlights the
previously described lower viral load in southern animals (Legione et al., 2017, Simmons et al., 2012).
This lower viral load corresponds with a reduced viral diversity and a higher relative percentage
abundance of KoRV-A in southern koalas. In addition, in the northern animals, the relative percentage
of KoRV-A was much higher in the integrated proviral DNA than in the viral RNA, with other subtypes
variable among all samples. This may reflect a relatively greater viral diversity in animals with higher
viral loads due to the greater rate of mutation in actively replicating virus. This phenomenon is well
described in other retroviruses such as HIV where viral diversity increases with viral replication (Theys
et al., 2018). Alternatively, some variants of KoRV-A (particularly endogenous loci) may not be very
effectively transcribed, either directly or as a result of competition with high copy number of other
transcribed subtypes. Another possibility is that a mutation of the provirus may disrupt DNA sequence
elements from the promoter which are essential for transcription. Indeed, the original KoRV-A isolate
does not replicate efficiently in cell culture, probably due to sequence changes in its LTR when
compared with more replication competent clones (Shimode et al., 2014). It is also possible that
transcription from individual KoRV-A loci is uneven with some highly transcribed loci responsible for
the RNA detected. These particular loci may be less prevalent in QLD animals. Another potential
confounding factor in blood samples is that the levels may not directly reflect viral transcription in other
tissues (there is likely differential transcription in different tissues as has been demonstrated for many
retroviruses, both endogenous and exogenous). However, replicating virus in any tissue likely produces

virions spilling over in the blood.

Several other studies have reported a linkage between detection of KoRV-B provirus and neoplasia or
chlamydial disease occurrence (Chaban et al., 2017; Waugh et al., 2017) (Xu et al., 2013). However,

10
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the current study does not support an association between the presence of particular virus subtypes in
either DNA or RNA forms and the occurrence of disease. Previous studies on the association between
KoRV-B subtype and disease were based on conventional PCR. The NGS approach used here is not
reliant on sequence specific primers for each KoRV subtype and is therefore able to detect a more
comprehensive range of subtypes in individual animals. The NGS approach was also more sensitive in
detection of KoRV-B, with only 48.5% of QLD animals and no SA animals testing positive for KoRV-
B with conventional PCR, in contrast to 100% of the same animals testing positive with the PCR and
NGS approach. There was a significant association between higher read counts of KoRV-B in the NGS
data and the likelihood of testing positive for KoRV-B on conventional PCR. These findings indicate
that previously reported results for an association of KoRV-B with disease in animals might reflect an
association between higher viral load and disease rather than the presence of the KoRV-B subtype per
se. In terms of koala population management decisions, the findings also indicate that testing for KoRV-
B via endpoint PCR, as has been adopted by some zoological collections, is probably not a useful screen

for future neoplasia risk.

Indeed, this study does not provide convincing evidence for an association of any particular virus
subtype with a particular disease syndrome, although a trend towards a reduced viral diversity and an
increased preponderance of KoRV-A is evident in healthy animals and in the SA animals the oxalate
nephrosis animals (this is a genetic disease seen predominantly in the southern population). As with the
differences in viral diversity between the populations this probably reflects the previously reported
relationship between higher viral load (and therefore sequence diversity), neoplasia and clinical
chlamydiosis in KoRV affected animals (Tarlinton et al., 2005). Important caveats where are the small
numbers of animals in some disease categories, the differences in disease patterns between the two
populations and the numbers of animals with multiple diseases which will have confounded this
analysis. These confounding factors also made more appropriate statistical analysis techniques for this

type of data (like multivariate modelling) inaccurate.

It still remains unexplained why the South Australian animals have a lower level of KoRV replication
and a reduced level of abundance of non-KoRV-A subtypes. This study only looked at env diversity
and there are other factors that can affect viral replication efficiency. In particular the LTR sequences
of retroviruses are known to be major determinants of replication efficiency (Pantginis et al., 1997;
Chandhasin et al., 2004) and variations in KoRV-B/J isolate LTRs have been reported previously
(Shimode et al., 2014) Hobbs et al 2017) that appear to affect replication efficiency. It is also possible
that the South Australian population has defects in the receptor for one or more variants of KoRV
(KoRV-A and B are known to use different receptors) affecting the efficiency of viral re-infection in
these animals, although preliminary analysis of unpublished transcriptome sequences from the two

populations would indicate that this is not the case. Other unpublished data indicate that the SA animals
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may have a defective form of the virus, which is missing most of the gag, pol and env genes (Tarlinton
etal., 2017) and it is possible that this defective virus inhibits replication of the full length virus as has

been reported for some other retroviruses (Boeke and Stoye, 1997).

Overall, this study analysed KoRV env gene diversity in paired samples of provirus DNA and viral
RNA within individual koalas from two different zones of koala habitat representing northern and
southern koala populations. The identified sequences significantly enhance the number of env gene
sequences known for KoRV and highlighted significant variation between the abundance of transcribed
variants of KoRV present in the RNA of individuals when compared with the provirus complement in
the DNA. This probably reflects differential transcription efficiency of different loci and subtypes.
KoRV-A is the likely ancestral version of KoRV, with other variants likely generated via mutations,
deletions, or recombination events. These other subtypes have now become the predominant transcribed
form of KoRV in the Queensland population. It remains unexplained why the southern animals display
such lower viral loads and reduced viral diversity than the northern population, along with such a
different disease pattern, however this study highlights that this is not as simple as the presence or

absence of particular virus subtypes as has been previously hypothesised.

4. Methods

4.1 Sample collection and preparation

In South-East QLD, animals were sourced from Moggill Koala Hospital, Australia Zoo Wildlife
Hospital, RSPCA Wacol and Sea World Paradise Country. South Australian (Mount Lofty Ranges)
samples were collected from Fauna Rescue of South Australia (Figure 1, Table 1). Blood (2-3 ml) was
collected from live and clinically healthy captive koalas using a sterile 22-gauge butterfly catheter and
5 ml syringe. Wild koalas hospitalised due to disease or serious injury following trauma or animal attack
were euthanased and necropsied. Koalas were anaesthetised with 0.25 ml Zoletil (Virbac)
intramuscularly. Euthanasia was performed with an intravenous injection of pentobarbitone.
Immediately following euthanasia, 10 — 15 ml of blood was withdrawn from a femoral vein or by

cardiac puncture into EDTA tubes.

DNA was extracted from 100 pl EDTA whole blood using Qiagen DNeasy Blood & Tissue Kit
according to manufacturer’s (Qiagen) instructions. A 1-2 ml aliquot of blood was centrifuged at 3000
g for 5 mins and 200 pl of plasma was removed and added to 300 pl of RNAlater stabilisation agent
(Qiagen) within 15 min of blood collection. RNA was extracted using Qiagen QIAmp Viral RNA mini
kit with on-column Qiagen RNase free DNase steps. Briefly, 140 ul of RNAlater diluted plasma was

suspended in 560 pl viral lysis buffer containing carrier RNA and extraction continued following the

12



388
389

390

391
392
393
394
395
396
397

398
399
400
401
402
403
404
405
406
407

408

409

410
411
412

extraction kit procedures and finally eluted in 30 ul water. The extracted RNA samples were stored at

-80°C until required.

4.2 KoRV-A and KoRV-B real-time and conventional PCR

To test for the presence of KoRV-A and B, we used real time and conventional PCR. Initially, KoRV
positivity of the extracted DNA and RNA was initially assessed with a real-time PCR of the KoRV pol
gene using published primers and probe (Tarlinton et al., 2005). DNA and RNA samples were amplified
using TagMan gene expression master mix (Applied Biosystem) and SuperScript® I11 One-Step RT-
PCR System with Platinum® Tag DNA Polymerase (Invitrogen) respectively, following
manufacturers’ instructions, in a BioRad CFX 96. Samples were considered KoRV-positive if the CT

value was < 35.

Conventional PCR of the env gene was performed using published primers to specifically amplify each
of the KoRV-A and KoRV-B env subtypes (Waugh et al., 2017) as a preliminary assessment of KoRV
subtype prevalence. Primers used in this study shown in Table 2. The Qiagen HotStartTaq Plus Master
Mix kit was used for PCR of DNA samples following the manufacturer’s instructions with 35 cycles of
amplification and an annealing temperature of 51°C. KoRV-A and KoRV-B positive samples were
directly purified with EXoSAP-IT (Thermo Fisher Scientific), following manufacturer’s directions and
Sanger sequenced to validate the amplification of this subtype. Sequencing was undertaken using Big
Dye Terminators (ThermoFisher Scientific) at the Animal Genetics Laboratory, University of
Queensland. Sequences were subjected to BLAST analysis through the NCBI database to determine the

percentage of homology to known subtypes.

Table 2: Primers used in this study for PCR

Region | Forward Reverse Reference

Pol TTGGAGGAGGAATACCGATTACAC | GCCAGTCCCATACCTGCCTT | (Tarlinton et al., 2005)
Env TCCTGGGAACTGGAAAAGAC GGGTTCCCCAAGTGATCTG | (Waugh et al., 2017)
KoRV-A

specific

Env TCCTGGGAACTGGAAAAGAC GGCGCAGACTGTTGAGATTC | (Waugh et al., 2017)
KoRV-B

specific

4.3 Sample preparation for Illumina sequencing

Previously published oligonucleotide primers flanking the hypervariable region of the env gene
(Chappell et al., 2017) were used to amplify a 500 bp fragment of target sequence by PCR. The primers

contained the lllumina adaptor sequences (italics) ligated to env gene complementary regions.
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The Qiagen HotStartTaq Plus Master Mix kit was used to amplify from DNA and the Qiagen OneStep
RT-PCR kit was used to amplify from RNA, both following the manufacturer’s instructions with an
annealing temperature of 58°C and 35 rounds of amplification. We adopted recently established deep
sequencing methodology for analysis of the env gene hypervariable region, such that consistency was
retained between current and previous findings (Chappell et al., 2017). Samples were prepared
following the lllumina 16S Metagenomic Sequencing Library Preparation guidelines. The purification
and sequencing of PCR amplicons was performed at the Ramaciotti Centre for Genomics (University
of New South Wales, Sydney, Australia). Purification was performed using Agencourt AMPure XP
beads (Beckman Coulter, USA) and purified DNA was indexed with unique 8 bp barcodes using the
Illumina Nextera XT 384 sample Index Kit A-D (lllumina FC-131-1002) following standard PCR
conditions. Indexed amplicons were pooled together in equimolar concentrations and sequenced on the
MiSeq Sequencing System (Illumina, USA) using paired end sequencing with V3 300bp following

manufacturer’s protocols.

4.4 Sequence assembly

The overlapped forward and reverse reads of the Illumina next generation sequencing (NGS) were
assembled using the OL assembly method in the dDocent pipeline (Puritz et al., 2014). The reads were
trimmed using Trimmomatic (Bolger et al., 2014) and assembled using Rainbow (Chong et al., 2012)
and CD-HIT (Fu et al., 2012). A series of optimization assemblies were run to assess how the number
of contigs would be affected by parameter choice in dDocent and the effect of clustering threshold: (a)
the minimum number of samples in which a sequence had to be represented (1—-10 samples); and (b)
the clustering threshold (80—98%). These preliminary optimization runs indicated that the level of
clustering did not have a substantial effect on the total number of unique contigs assembled. What did
have a major impact was the number of individuals required to represent a sequence: when this was 1,
the number of contigs that could be assembled from a single individual was substantially larger then
when assemblies required a sequence to be found in >2 samples. This result implicates considerable
subtype sequence variation, but it is hard to resolve this from technical or sequencing error that may
generate false variation. Therefore, the final assembly included the parameter selection of: (i) sequences
present in at least two samples, (ii) a minimum read count of four and (iii) a 99% clustering threshold.

Graphical view of optimisation assemblies are shown in supplementary file 1.

The representative sequences were aligned with KoRV-A (AF151794) and KoRV-B (KC779547.1)
using the ClustalW alignment in the program BioEdit (Hall, 1999) to identify the presence of any
anomalous contigs. Sequences that failed to show homology against reference sequences were removed
from further analysis. The putative sequences were mapped by BWA (Li and Durbin, 2009) with the

following parameters: match score = 1, mismatch penalty = 4, gap open penalty = 15. Finally, SAMTools
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(Li et al., 2009) was used to filter the alignment bam files (for a MapQ score of 30) and to extract the
counts of reads mapped to each contig.

4.5 Phylogenetic analysis

The representative unique sequences were imported into the Geneious v11.0.4 software package
(https://www.geneious.com/) and combined with previously published KoRV env sequences; KoRV-A
(AF151794, KX587957.1 and KP792565.1), KoRV-B (KX588002.1, KX588011.1, KX588027.1,
KC779547.1, AB822553.1, KX588031.1, KX588053.1), KoRV-C (AB828005.1, KP792564.1),
KoRV-D (KX587952.1, KX587991.1, KX588043.1, KX587993.1, KX587972.1, KX587972.1,
AB828004.1, KX587997.1), KoRV-E (KU533853.1), KoRV-F (KX588025.1, KX588028.1,
KX587994.1, KU533852.1), KoRV-G (KX587961.1 and KX587998.1), KoRV-H (KX588036.1 and
KX587979.1), and KoRV-l (KX587976.1 and KX588021.1) were used. Moreover, four other
sequences from the viruses previously determined to be the most closely related to KoRV (Simmons et
al., 2014) in other were used as outgroups to root the KoRV phylogeny: two Gibbon ape leukaemia
virus (GALV) sequences, (KT724047.1, KT724048.1) and two Melomys burtoni retrovirus (MbRV)
sequences (KF572486.1, KF572485.1). Sequences were aligned using ClustalW alignment with a gap
opening cost of 15 and a gap extension cost of 7 as implemented in Geneious 11.0.4. The alignments
were further edited by hand to fill the blanks at the beginning and end.

A Bayesian phylogenetic tree was determined from the aligned reads using the Geneious plugin of
MrBayes 3.2.6 (Huelsenbeck and Ronquist, 2001) with a chain length of 10,100,000, a subsampling
frequency of 2000 and a burn-in-length of 1,100,100, with all others parameters set at defaults.
Sequences were manually allocated to a KoRV subtype based on clustering with previously identified

reference subtypes and phylogenetic topology.

4.6 Statistical analysis

The comparison of the number of unique proviral sequences and read counts between QLD and SA
populations was statistically evaluated through non-parametric Mann Whitney U test. The concordance
of the NGS results with the conventional PCR testing for KoRV-B was assessed through Pearson's chi-
squared tests. The taxonomic count data was analysed for statistically significant differences, between
QLD vs SA provirus, and DNA vs RNA for both SA and QLD samples, in R (lhaka and Gentleman,
1996) using the EdgeR wrapper (Robinson et al., 2010) as part of the phyloseq package (McMurdie and
Holmes, 2013). Diversity statistics were calculated using vegan (Dixon, 2003) and differences were

assessed for significance using Mann-Whitney U tests in Prism 8.01 (GraphPad Software Inc. USA).
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Figures:

Fig. 1: Location of sample collection site. Red dot showing the sample collection cities. From
Queensland, samples were collected from Gold Coast, Brisbane, and Sunshine Coast and from South
Australia, koalas were collected from Mount Lofty region. Map was adapted from Australian Koala
Foundation (AKF) website.

Fig. 2: Phylogenetic tree from aligned KoRV sequences (including 169 newly identified in this study
and 24 previously published sequences with two sequences from GALV and MbRV (used as outgroups
to root the tree) generated through Geneious implemented Bayesian approach. Previously published
KoRV env sequences; KoRV-A (AF151794, KX587957.1 and KP792565.1), KoRV-B (KX588002.1,
KX588011.1, KX588027.1, KC779547.1, AB822553.1, KX588031.1, KX588053.1), KoRV-C
(AB828005.1, KP792564.1), KoRV-D (KX587952.1, KX587991.1, KX588043.1, KX587993.1,
KX587972.1, KX587972.1, AB828004.1, KX587997.1), KoRV-E (KU533853.1), KoRV-F
(KX588025.1, KX588028.1, KX587994.1, KU533852.1), KORV-G (KX587961.1 and KX587998.1),
KoRV-H (KX588036.1 and KX587979.1), and KoRV-I (KX587976.1 and KX588021.1) were used.
Outgroup sequences: Gibbon ape leukaemia virus (GALV) sequences, (KT724047.1, KT724048.1) and
Melomys burtoni retrovirus (MbRV) sequences (KF572486.1, KF572485.1). Bayesian value are shown.
Paraphyletic KoRV-D has multiple subclades numbered D1 to D11 and also includes previously
designated KoRV-G and KoRV-H. Clades color and weight are marked as gradient following posterior

probabilities values

Fig. 3: Comparison of the read counts of KoRV env subtypes A, B, | and D (including subclades) in
the proviral DNA form within QLD (n = 33) and SA (n = 28) koala populations. Mean read counts with
one standard deviation error bars are shown. Although all SA animals had KoRV-B and D10, their

lower level read counts are not observable at this scale.

Fig. 4: Genetic diversity of KoRV env subtypes among paired DNA and RNA samples was illustrated
through the relative percentage of total reads of (A) QLD and (B) SA koala populations. Colors indicate
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the different subtypes. (A) Among 33 QLD koalas, 28 were present in both DNA and RNA forms and
(B) among 28 SA koalas, 5 had both DNA and RNA forms.

Fig. 5: Percentage relative abundance of viral subtypes A (green), B (orange), | (red) and combined D
(purple). Compared between QLD and SA animals for A) DNA, B) RNA, C) RNA and DNA for paired
QLD samples, and D) RNA and DNA for paired SA samples. Median and interquartile ranges
displayed.

Supplementary Files:

File 1 (figure): Preliminary optimisation assemblies using dDocent. Two parameters were explored:
(1) the minimum number of samples required to represent a sequence in the assembly (colours, see
legend), and (2) the clustering thresholds used to group reads into similar sequences. The clear effect
of singletons (only requiring a sequence to be represented in one individual) on the number of contigs
probably arises from two competing (non-mutually exclusive) hypotheses: firstly, large variation exists
within and between individuals; and secondly, technical and sequencing error introduces sequence

variation. This problem appears to disappear when the number of samples was >2.

File 2: Details of koala samples used for analysis of env gene diversity using 16S Metagenomics

sequencing.

File 3 (figure): Alignment of unique Koala Retrovirus (KoRV) env sequences from koalas sampled in

Queensland and South Australia.

File 4 (figure): Simple view of Bayesian phylogenetic tree. Unique sequences were aligned with
previously published KoRV env sequences; KoRV-A (AF151794, KX587957.1 and KP792565.1),
KoRV-B (KX588002.1, KX588011.1, KX588027.1, KC779547.1, AB822553.1, KX588031.1,
KX588053.1), KoRV-C (AB828005.1, KP792564.1), KoRV-D (KX587952.1, KX587991.1,
KX588043.1, KX587993.1, KX587972.1, KX587972.1, AB828004.1, KX587997.1), KoRV-E
(KU533853.1), KoRV-F (KX588025.1, KX588028.1, KX587994.1, KU533852.1), KoRV-G
(KX587961.1 and KX587998.1), KoRV-H (KX588036.1 and KX587979.1), and KoRV-I
(KX587976.1 and KX588021.1) using ClustalW alignment programme. Moreover, four other
sequences were used as outgroups to root the KoRV phylogeny: two Gibbon ape leukaemia virus
(GALV) sequences, (KT724047.1, KT724048.1) and two Melomys burtoni retrovirus (MbRV)
sequences (KF572486.1, KF572485.1). Alignments were further edited by hand to fill the blanks at the
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beginning and end. Phylogenetic tree was determined from the aligned reads using the Geneious plugin
of MrBayes 3.2.6.

File 5: The read count of unique KoRV env sequences from PCR and next-generation
sequencing of individual koala DNA and RNA samples.

File 6: The relative percentage of each subtype of KoRV env gene in individual DNA and RNA
samples of koalas.

File 7 (figure) 7: Pecentage abundance of each major subtype of KoRV (A, B, Combined D, 1) in
the DNA of individuals compared with disease status (Healthy, Neoplasia, Oxalate Nephrosis,

Chlamydiosis). Median and interquartile range displayed.
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