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Abstract

Endogenous retroviruses (ERVs) comprise 8% of the human genome and are common in all vertebrate genomes. The only
retrovirus known to be currently transitioning from exogenous to endogenous form is the koala retrovirus (KoRV),
making koalas (Phascolarctos cinereus) ideal for examining the early stages of retroviral endogenization. To distinguish
endogenous from exogenous KoRV proviruses, we isolated koala genomic regions flanking KoRYV integration sites. In three
wild southern Australian koalas, there were fewer KoRV loci than in three captive Queensland koalas, consistent
with reports that southern Australian koalas carry fewer KoRVs. Of 39 distinct KoRV proviral loci examined in a sire—
dam-progeny triad, all proved to be vertically transmitted and endogenous; none was exogenous. Of the 39 endogenous
KoRVs (enKoRVs), only one was present in the genomes of both the sire and the dam, suggesting that, at this early stage
in the retroviral invasion of a host germ line, very large numbers of ERVs have proliferated at very low frequencies in the
koala population. Sequence divergence between the 5'- and 3'-long terminal repeats (LTRs) of a provirus can be used as a
molecular clock. Within each of ten enKoRVs, the 5'-LTR sequence was identical to the 3'-LTR sequence, suggesting a
maximum age for enKoRV invasion of the koala germ line of approximately 22,200-49,900 years ago, although a much
younger age is possible. Across the ten proviruses, seven LTR haplotypes were detected, indicating that at least seven

different retroviral sequences had entered the koala germ line.
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Introduction

Endogenous retroviruses (ERVs) are present in the genomes
of all vertebrates, comprising 8% of the human genome
(Lander et al. 2001; Bromham 2002). ERVs descend from ex-
ogenous retroviruses that integrated into the germ line of the
ancestral host lineage, and that are now transmitted vertically
from parent to offspring through Mendelian inheritance
(Boeke and Stoye 1997; Bromham 2002; Coffin 2004; Stoye
2012). ERVs may follow various evolutionary trajectories:
Although most decay through mutation, some ERVs may
recombine with other endogenous or exogenous viruses, pro-
tect the host against similar exogenous viruses, retain the
ability to produce viral proteins, or even become co-opted
into a role functional for the host (Boeke and Stoye 1997;
Bromham 2002; Coffin 2004; Stoye 2012). ERV-encoded Env
proteins are reported to block infection by some exogenous
murine and avian leukemia retroviruses (Stoye 2012; Weiss
2013). One ERV that has been co-opted to play a role in
human health is syncytin, a gene derived from an ERV that
is now vital for normal human placentation (Mi et al. 2000).
ERVs may also play a role in human disease. Derepression of
the LTR of an ERV was found to play a critical role in the
pathogenesis of Hodgkin’s lymphoma (Lamprecht et al. 2010).
Despite their important roles in human health and disease,
and their implications for host genome origins and evolution,
the process by which retroviruses endogenize has until

recently been difficult to study. Almost all ERVs are quite
ancient, often many millions of years old (Johnson and
Coffin 1999; Coffin 2004; Stoye 2006) making it difficult to
reconstruct the early steps of germ line invasions by ERVs.

Recently, the koala retrovirus (KoRV) was found to be in
the midst of transitioning from exogenous to endogenous
form (Stoye 2006; Tarlinton et al. 2006, 2008), enabling
study of the process of retroviral endogenization. KoRV is a
gammaretrovirus closely related to the gibbon ape leukemia
virus (Hanger et al. 2000). The grassland melomys (Melomys
burtoni), a rodent native to Australia, has also been found to
carry a related retrovirus (Simmons et al. 2011). Analyses of
the genomes of humans and other vertebrates suggest that
retroviruses have, from a long-term evolutionary perspective,
frequently jumped from one species to another and invaded
the germ lines of new hosts (Fiebig et al. 2006; Denner 2007;
Hayward et al. 2013) and KoRYV is likely to be the result of a
transspecies transmission.

The geographic distribution of koalas spans the east coast
of Australia from northern Queensland to South Australia
and historically three subspecies have sometimes been recog-
nized: Phascolarctos cinereus adustus in Queensland,
Phascolarctos cinereus cinereus in New South Wales, and
Phascolarctos cinereus victor in Victoria and South Australia.
The subspecies were designated based on differences in phys-
ical features such as body size and fur color, although these
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differences may be clinal (Lee and Martin 1988; Department
of the Environment, Canberra 2014). Analyses of mitochon-
drial DNA control region sequences have detected different
haplotypes between P. c. adustus and the other subspecies,
but such differences were not evident between P. c. cinereus
and P. c. victor (Houlden et al. 1999). Genetic diversity among
southern Australian koalas has been shown to be very low
compared with northern populations using both mitochon-
drial DNA and microsatellite markers (Houlden et al. 1996,
1999).

Koala populations in northern Australia exhibit 100% prev-
alence of KoRV, with a relatively high average of 165 copies of
KoRV per cell, whereas in southern Australian populations
many koalas are completely free of the virus (Tarlinton et al.
2006; Simmons et al. 2012). This suggests that KoRV initially
affected koalas in northern Australia and is currently spread-
ing to southern populations (Tarlinton et al. 2006, 2008).
Using museum specimens of koalas, KoRV was found to be
ubiquitous in northern Australian koalas by the late 19th
century, with their sequences resembling that of modern
KoRV (Avila-Arcos et al. 2013). KoRV has been associated
with high rates of leukemia and lymphoma in koalas, and
may play a role in susceptibility to Chlamydia infections
(Tarlinton et al. 2005, 2008). The process of retroviral
endogenization, at least in the case of koalas, may have
involved centuries of reduced fitness and susceptibility to
disease in the host species (Avila-Arcos et al. 2013).
There also appear to be KoRV variants with more limited
distributions that are believed to be of more recent origin
and possibly exogenous (Shojima, Hoshino, et al. 2013;
Shojima, Yoshikawa, et al. 2013; Xu et al. 2013; Shimode
et al. 2014).

One issue in interpreting past studies of KoRV has been
that the proviruses of KoRV that were detected could have
been endogenous or exogenous. In this study, we isolate
KoRV flanking sites in the koala genome using a modified
genome-walking approach (Reddy et al. 2008). We then
determine whether KoRV proviruses in the genome are en-
dogenous, by establishing Mendelian inheritance using a sire—
dam-progeny triad of northern Australian (Queensland)
koalas kept in North American zoos. A provirus found at a
particular locus in the progeny would be established as en-
dogenous if it was also found in either parent at the same
locus, as two ERVs independently integrating at the same
locus in two individuals would be an extremely rare event
(Johnson and Coffin 1999). We also sought to determine the
time since integration of endogenous KoRV (enKoRV) using a
molecular clock based on the sequence divergence within a
provirus between the 5'- and 3'-long terminal repeats (LTRs),
which are identical at the time of proviral integration into the
germ line (Johnson and Coffin 1999; Bromham 2002; Coffin
2004). In addition to the zoo koala triad, we also examined
KoRV flanks in three samples of koalas from different localities
in southern Australia. Previous studies have shown that koalas
from southern Australia carry fewer KoRV proviruses per cell
than northern Australian koalas (Tarlinton et al. 2006;
Simmons et al. 2012).
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Results

Identification of KoRV Integration Sites

We sought to identify KoRV integration sites in six koalas
known to be positive for KoRV, three from northern and
three from southern Australia. Due to their morphological
distinctions and historic classification into different subspe-
cies, North American zoos have treated koalas from northern
Australia (Queensland) and from southern Australia as dis-
tinct management units. Our study involved three northern
Australian koalas from US zoos (table 1) that comprised a
sire—dam—progeny triad (offspring: Pci-SN404, sire: Pci-SN248,
and dam: Pci-SN345). The three southern Australian koalas
were unrelated, wild-caught and chosen for the diversity of
their geographic origins (table 1). One koala each was from
the Stony Rises (Pci-157) and the Brisbane Ranges (Pci-106) of
Victoria, and Kangaroo Island (Pci-187) of South Australia.

To identify host genomic DNA flanking the 5'- and 3'-
KoRV LTRs in each koala, a genome-walking method
(Reddy et al. 2008) was implemented, but modified to use
next-generation sequencing, as illustrated in supplementary
figure S1, Supplementary Material online. The flanks were
sequenced using the Roche 454 GS FLX+ platform. A
unique multiplex identifier (MID) was used for each flanking
sequence of each koala, generating 12 sets of sequences. A
total of 136,430 reads were generated across the koalas.
The number of reads was high for all attempts on the triad
(table 1), as was the average percentage of reads that con-
tained the koala genomic flanks (31-48%). The total number
of reads and the average proportion of reads that contained
KoRYV flanking regions were both much lower for three of the
six attempts on southern Australian koalas—the 5'-attempt
for Pci-106, and both flanks for Pci-187 (table 1). The reason
for this reduced success was unclear, especially as we had
initially verified that KoRV was present in each of the
koalas through polymerase chain reaction (PCR). LTR
primer mismatch or technical factors may be potential
causes. As the focus of our study was the sire—dam-progeny
triad of northern Australian koalas, for which all attempts
were very successful, the genome-walking method was not
repeated for less successful southern Australian koalas.

The koala genomic sequences flanking KoRV integration
sites were queried against genomic scaffolds of the Meug_1.1
assembly of the tammar wallaby (Macropus eugenii) genome
(Renfree et al. 2011), the closest relative of the koala with
genome sequence available. In some cases, 5'- and 3'-flanking
sequences were found to match adjacent regions of the wal-
laby genome, suggesting that the two flanks would corre-
spond to koala genomic sequence on either side of the
integration site of a single KoRV locus. Comparing the 5'-
and 3'-host genomic flanks for a provirus at a single locus
also permitted identification of the “target site duplication”
on either side of the provirus. The target site duplication is a
region of host DNA that is replicated during integration of a
retrovirus, so that the same host sequence appears immedi-
ately upstream and downstream of the integrated provirus.
We determined that the length of the target site duplication
is 4 bp for KoRV.
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Table 1. Northern Australian Koala Triad Description, Southern Koala Description, and KoRV Flank Statistics.

Southern

Northern

Subspecies

Pci-187

Unknown

Pci-106

Unknown

Pci-157

Unknown

Pci-SN345

Dam of SN404

February 18, 2003
San Diego Zoo

2010
5/

Pci-SN248

Sire of SN404

Pci-SN404
Son of SN248/345
October 31, 2006
Columbus Zoo

2010

Sample ID

Genealogy
Birth date

Unknown

Unknown

Unknown

September 29, 1998
San Diego Zoo

2010
5/

Kangaroo Island

1988
5/

Brisbane Ranges

1988
5/

Stony Rises
1988
5/

Place sample collected

Year sample collected

3/

3/

3/

3/

3/

5'- or 3/-LTR and flank

1,041 1,240

3,987

1,275
9

9,804

14,608
6,134

1

21,223
10,167

39

18,640
7,392
43

15,633
7,263
45

7,869

19,554
7,212
68

21,556
8,391
76

Total 454 sequencing reads

1,198
10

3,907

2,465
43

KoRV LTR plus flank reads

Distinct flanks®

10

69 16

73

108

Proviral loci identified®

“Distinct flanks and proviral loci are likely to be underestimated due to technical factors and to stringent criteria used to screen sequences.

The number of distinct flank sequences was estimated
using a bioinformatics algorithm, taking for each individual
the higher of the 5'- or 3'-count of distinct flank sequences
having each of the 256 potential values for the 4-bp target site
duplication (supplementary table S1, Supplementary Material
online). The number of KoRV integration sites detected in the
three northern Australian koalas was 73 for the sire, 69 for the
dam, and 108 for the progeny (table 1 and supplementary
table S1, Supplementary Material online). Among southern
Australian koalas, Pci-157 had a count of 16, whereas Pci-106
had a count of 10 (with only one flank successful) (table 1 and
supplementary table S1, Supplementary Material online),
consistent with lower copy numbers for KoRV previously re-
ported for southern Australian koalas (Simmons et al. 2012).
Given the stringent criteria used in the bioinformatics ap-
proach and the poor quality of many reads, and given that
two loci may share the same target site duplication, these
numbers likely underestimate the number of distinct flanks.
The mismatch in counts for each koala between the 5'- and
3'-flanks, possibly due to amplification biases, also indicated
that the method did not identify all flanks comprehensively.

KoRV Insertional Polymorphisms

The target site duplication was used to designate individual
proviral loci. For example, if the target site duplication on
either side of the KoRV provirus had a sequence of ACGT,
the provirus was designated “KoRV-ACGT” (in cases where
the same target site duplication may be shared by proviruses
at more than one locus, the two loci could be distinguished by
appending a number to the designation). Subsequent PCR
and sequencing of individual proviral loci (below) confirmed
the 4 bp length of the target site duplication. There was one
exceptional provirus that had a 5-bp target site duplication,
KoRV-AAAAG. The integration site for this provirus included
four adenine bases in tandem, suggesting that the longer
target site duplication may have resulted from strand slippage
of the host DNA during retroviral endogenization (Levinson
and Gutman 1987; Craigie and Bushman 2012; Ballandras-
Colas et al. 2013), although other target site duplications
were 4 bp in length despite the presence of homopolymers
(e.g, AAAG, AAAT, CCCQ).

As there were potentially many hundreds of different loci
present across the koalas, we selected 39 loci as representa-
tive, including KoRVs present in different frequencies among
the reads, that is, some were based on flanks that had few
reads in the data set whereas others were based on flanks that
were common. All 39 KoRV loci were successfully amplified
by locus-specific PCR. Among the 39, both of the flanks could
be identified for ten of the loci (table 2; for the other 29 loci,
we only identified one flank, see below). The wallaby and
koala lineages diverged more than 50 Ma (Meredith et al.
2009), so that only eight loci could be identified by homology
to the tammar wallaby genomic sequence. For locus KoRV-
CCTT, one flank was identified in the flank sequence data set
for Pci-SN345, and was used to query low-coverage GS FLX
genomic sequence from Pci-SN404, identifying the other
flank in a chromosome without the provirus. For locus

m
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Table 2. Insertional Polymorphisms of KoRVs.

Northern Koala Triad, Pci-  Southern Koalas, Pci-

Provirus SN404  SN248  SN345 157 106 187
KoRV-ACAT +/— e +/— -/ == ==
KoRV-CTAG +/— —/— +/— —/= =)= —/-
KORV-AAAAG | +/—  —/—  +/— —/— —/— —/—
KoRV-AAGT +/— —/— +/— -/ =)= =/
KoRV-CCTT —/— —/— +/— —/= =/= =/-
KoRV-AAAG +/— —/— +/— —)— =)= =/
KoRV-CCCC +/— —/— +/— —/= == ==
KoRV-GCCT +/— —/= +/— —/= =)= =/
KoRV-GTAC —/— +/— —/— -/ =)= =/
KoRV-ACTT +/— —/— +/— NA NA NA

Note—For the proviruses listed, flanks and LTRs were identified upstream and
downstream of the integration site. +/+, provirus present on both chromosome
homologues; +/—, provirus present on only one of the two homologs; —/—, neither
chromosome had a provirus at the locus. KoRVs were first identified in Pci-SN404
except for CCTT (Pci-SN345) and GTAC (Pci-SN248). Boxes enclose proviral loci with
identical LTR sequence. For KoRV-ACTT, there was no amplification (NA) in south-
ern Australian koalas.

KoRV-GCCT, matching 5'- and 3'-target site duplication
sequences were detected after single-flank analyses were con-
ducted (see below); PCR combining a primer from each of the
two flanks established (after amplification and sequencing in
a chromosome without the provirus) that the two flanks
corresponded to the same locus.

At each of the ten KoRV loci for which both flanks were
identified, three different primer pairs were used, each pair in
a separate PCR reaction, to evaluate insertion sites (fig. 1)
(Roca et al. 2004). Two of the primer pairs established the
presence of the 5'- or the 3'-flank and LTR, whereas the other
primer pair would amplify only if KoRV was not present at the
locus in at least one of the two chromosomes. Together, these
would determine for a koala whether KoRV was present at a
locus in both chromosomes, in one chromosome, or in nei-
ther of the two chromosomes (fig. 1). Using this strategy, the
six koalas were screened for insertional polymorphisms across
the ten proviruses (fig. 1 and table 2).

The screening involved six koalas, ten proviral loci, and two
chromosomes for each locus, a total of 120 potential integra-
tion sites. Across the 120 sites, a provirus was detected only in
16 cases. In every one of these cases, the provirus was present
at a locus in only one of the two chromosomes in an indi-
vidual. If the progeny koala Pci-SN404 is excluded, since he
could have received enKoRVs vertically from either parent,
and only the five unrelated koalas are considered, then each
of these ten KoRV proviruses was detected in only one koala
individual. The lack of shared KoRV proviral loci among unre-
lated individuals, and the presence of each KoRV provirus in
only one of the two chromosomes in a single individual, sug-
gested that the KoRV proviruses were present at low frequen-
cies across the koala population.

Identifying KoRVs as Endogenous Using Koala Kin

KoRYV proviruses at each of the ten loci (table 2) were evalu-
ated to determine whether they were endogenous. If a pro-
virus detected in progeny koala Pci-SN404 could be detected
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in either parent, this would establish vertical transmission of
an endogenous retrovirus due to Mendelian inheritance, as
the probability that two proviruses would independently in-
tegrate at the same site in two individuals is minuscule
(Johnson and Coffin 1999). The eight KoRVs present in prog-
eny koala Pci-SN404 were also present in at least one of the
parents, and therefore vertically transmitted and endogenous.
The other two proviruses had been originally detected in one
of the parents, but were not present in progeny Pci-SN404.
Therefore, PCR was attempted using DNA that had been
extracted from other koalas known to be kin (see description
of these additional kin under Materials and Methods). The
provirus KoRV-GTAC of Pci-SN248 was also detected in his
daughter, Pci-SN374. The provirus KoRV-CCTT of Pci-SN345
was also detected in two of her siblings, Pci-SN339 and Pci-
SN356. Thus all ten of these proviruses were shared among
family members, and therefore were vertically transmitted
and endogenous.

To determine at an even larger number of loci whether
KoRV proviruses were endogenous, we examined the 29 ad-
ditional proviral loci for which only one host genomic flank
had been identified. These 29 loci had been detected in the
progeny koala Pci-SN404 (table 3). Pci-SN404 is the son of Pci-
SN248 (sire) and Pci-SN345 (dam). PCR was conducted using
primers based on the 5'-flank and 5'-LTR (a and b in fig. 1) for
18 distinct proviruses for which the 5'-flank had been identi-
fied in Pci-SN404; or primers based on the 3'-LTR and 3'-flank
(cand din fig. 1) for 11 other proviruses for which the 3'-flank
had been identified in Pci-SN404. Thus, 29 additional pro-
viruses were successfully screened by PCR in the sire—dam-
progeny triad of koalas. In every case, the provirus detected at
a locus in Pci-SN404 was also present at the same locus in at
least one of the parents (table 3). The provirus was detected
at the locus in both of the parents in only one case. Thus,
across a total of 39 loci (10 for which both flanks had been
identified, and 29 for which a single flank could be screened),
all 39 proved to be vertically transmitted and endogenous,
although only one of these was present in the two unrelated
parents. We did not find a locus in Pci-SN404 that was absent
from both parents, which would have been indicative of an
exogenous KoRV (or possibly a newly integrated enKoRV) in
Pci-SN404. The 95% confidence interval for the proportion of
enKoRVs among the distinct KoRV proviruses in the data set
was calculated as 0.92-1.00 (using a “modified Wald meth-
od”) (Agresti and Coull 1998). Given our results, exogenous
KoRVs would comprise (with 95% confidence) less than 0.08
of distinct KoRVs in the data set, if they were present at all.

Molecular Dating of enKoRVs in the Koala Germ Line

KoRV is common in koala museum specimens of northern
Australian provenance collected in the late 1800s (Avila-
Arcos et al. 2013). This establishes a minimum date for wide-
spread infection of the northern Australian koala population
by KoRV. To estimate a maximum date for the entry of KoRV
into the koala germ line, we used a molecular clock relying on
the divergence between the 5'- and 3'-LTR sequences within
the same provirus. Retroviral 5'- and 3'-LTRs result from a
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KoRYV positive locus in a chromosome
a b b2
- €« <«

c2 ¢ d
-> = <

5'-flank

l LTR| gag pol

| env 3'-flank

|LTR.

KoRV negative at the same locus

5'-flank

a d
Q e

- 3-flank

Fic. 1. Strategy used to examine KoRV at a genomic locus. PCR was used to determine the presence or absence of KoRV in a particular koala at a
particular genomic locus. Upper panel: Once flanking sequences in the koala genome (shaded) were identified for a proviral locus of KoRV, primers were
designed to target the flanks (a, d) or to target KoRV (b, b2, ¢, c2). The presence or absence of a particular proviral locus of KoRV could be determined
using three PCR reactions with limited elongation times. The primer pair a with b (or b2) would amplify when KoRV is present at a locus; as would
primer pair d with c (or c2), although a with d will not amplify if KoRV is present at the locus. Lower panel: However, if KoRV is not integrated at a locus,
primer pair a with d will amplify (the two contiguous flanks), but the other primer combinations will not. If no primer pairs amplify, the DNA may be of
poor quality; whereas if all primer pairs amplify, it is an indication that KoRV is present at the locus in one of the two homologous chromosomes but
not in the other. Note that primers b2 and c2 target KoRV genes, so that primers a with b2, or c2 with d, would amplify the complete 5'-LTR and 3'-LTR,
respectively. However, b and c are within the LTR so that primers a with b, or ¢ with d, would amplify only a portion of the LTR.

Table 3. KoRV Proviruses Screened in a Parent—Progeny Triad.

Provirus Progeny Sire Dam

Pci-SN404 Pci-SN248 Pci-SN345

5-LTR and flank
KoRV-5-AAGG
KoRV-5-AGTC
KoRV-5-ATAG?
KoRV-5-ATGG
KoRV-5-CAAC
KoRV-5-CCCC*
KoRV-5-CTAG*
KoRV-5-CTAT
KoRV-5-GTTG
KoRV-5-GAAG
KoRV-5-GAGC
KoRV-5-GCTT
KoRV-5-GTGC
KoRV-5-TCAT
KoRV-5-TGCA
KoRV-5-TTAC
KoRV-5-TTAT?
KoRV-5-TTCC

3-LTR and flank
KoRV-3-AAAT
KoRV-3-AGAT
KoRV-3-AGGC
KoRV-3-ATAG®
KoRV-3-ATCA
KoRV-3-CTCC
KoRV-3-GATC
KoRV-3-GGAT
KoRV-3-GGCC
KoRV-3-GGTA
KoRV-3-TTAT?

|
+ + + o+

+ o+ 4+ o+ F 4+ o+ A+ + o+ o+ o+ o+ + 4+

|
+ + 4+

I
+

+ o+ 4+ + + 4+ + + o+ + o+
|

Note.—For the KoRVs listed, the host flanking sequence was identified for only one
side (5" or 3') of the integration site. + indicates presence of the provirus-flank
region. — indicates that the provirus-flank region failed to amplify. All proviruses
were initially detected in Pci-SN404. Proviruses included in table 2 are not listed here.
*The 4-bp target site duplication of these KoRVs is also found in another KoRV
(listed here or in table 2), but the other KoRV was at a different host locus.

duplication event at the time of integration, so that the two
LTRs are initially identical in sequence. Once a provirus in-
vades the host germ line, mutations will occur at the host
nuclear mutation rate. Random mutations would thereafter
cause proviral 5'- and 3'-LTR sequences to gradually accumu-
late differences, so that divergence between the two LTRs
within the same provirus can be used to estimate the time
since integration into the host germ line (Johnson and Coffin
1999; Bromham 2002; Coffin 2004; Roca et al. 2004). For the
ten enKoRV proviruses for which flanking sequences on both
sides of the integration site had been identified, we amplified
each LTR separately. PCR used one primer based on a flank
and another primer based on the proviral region beyond the
LTR (gag for the 5'-LTR, env for the 3'-LTR) (fig. 1 and table 2).
Both LTRs were then sequenced. As each provirus was pre-
sent at the locus in only one of the two chromosomes, 5'- and
3'-LTR sequences of a provirus from the same individual
would be in phase.

For each of the ten enKoRYV loci, the 5'-LTR sequence was
identical to the 3'-LTR sequence of the same provirus, al-
though LTR sequences differed across proviruses. The com-
plete lack of divergence between 5'- and 3'-LTR sequences
within the same provirus could be used to estimate a maxi-
mum time since integration. For nine of the KoRV proviruses,
each LTR had a length of 502 bp, whereas in the tenth pro-
virus (KoRV-GTAG) the LTRs were each 483 bp. A mutation
in either LTR would cause the two sequences to diverge; thus,
no mutation had occurred in the 10,002 bp across the
enKoRV LTRs since integration into the germ line.
Although a nuclear mutation rate estimate for koalas is not
available, we reasoned that it would fall between the human
(slow evolving lineage) mutation rate of approximately
2 x 10~° and the mouse (fast evolving) mutation rate of ap-
proximately 4.5 x 10~° mutations per site per year (Kumar
and Subramanian 2002; Waterston et al. 2002; Xue et al. 2009).
Using these rates, we calculated that the first mutation any-
where along the LTRs of the ten enKoRVs would be expected
to occur within 22,200-49,990 years of integration. As no
mutations at all were detected in the LTRs, this would
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KORV-GTAC KoRV-CTAG

KoRV-ACAT

A19
KoRV-GCCT
KoRV-AAAG KoRV-CCCC
KoRV-AAAAG
KoRV-AAGT
KoRV-CCTT
KoRV-ACTT

Fic. 2. Relationships among KoRV LTR sequences. The M) network
(Bandelt et al. 1999) was generated using an alignment of complete
enKoRV LTR sequences from ten proviruses. There were no differences
between 5'- and 3'-LTR sequences within a provirus, for any of the
enKoRVs. Across proviral sequences, the number of nucleotide differ-
ences is indicated by hatch marks (a branch without hatch marks rep-
resents a single difference). Node sizes are proportional to the number
of proviruses in which the LTR sequence was detected; each provirus
was designated by the sequence of its target site duplication (4-bp host
sequence duplicated upstream and downstream of the provirus; except
for KoRV-AAAAG, which had a 5-bp target site duplication). KoRV-
GTAC had a 19-bp deletion (indicated by “A19”) in addition to other
nucleotide differences when compared with the other proviruses.

represent a maximum estimate, and the time of integration
may be much more recent.

Although 5'- and 3'-LTR sequences were identical for each
provirus, there were differences across the ten proviruses se-
quenced. The two proviruses KoRV-ACAT and KoRV-GTAC
had identical LTR sequences, as did the three proviruses
KoRV-AAAAG, KoRV-AAGT, and KoRV-CCTT (fig. 2 and
table 2). The other five KoRV proviruses each had unique
LTR sequences. The number of mutations separating the
LTR sequences of different KoRVs was low, with at most
seven mutations separating LTR sequences between pro-
viruses (fig. 2), counting as a single mutation a 19-bp deletion
in KoRV-GTAG spanning positions 129-147.

Discussion

LTR sequences within ten proviruses allowed us to estimate a
maximum date for the invasion of the germ line by endogen-
izing KoRVs of 22,200-49,990 years ago, although a much
more recent date is possible. The estimated time of integra-
tion of less than 50,000 years is quite recent compared with
those of endogenous retroviruses in other species (Johnson
and Coffin 1999; Coffin 2004; Roca et al. 2004; Niebert and
Tonjes 2005; Martins and Villesen 2011). Individual proviral
copies in other species may be insertionally polymorphic,
such as endogenous feline leukemia viruses (enFelVs) in
cats (Roca et al. 2004) and some HERV-K loci in humans
(Turner et al. 2001; Moyes et al. 2007). One important differ-
ence distinguishes KoRV from these other ERVs. All individ-
uals in the domestic cat lineage carry multiple copies of
enFelVs (Roca et al. 2005; Polani et al. 2010) and all
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humans carry multiple copies of HERV-K (Turner et al.
2001; Moyes et al. 2007). In contrast, KoRV is still in the pro-
cess of spreading across koala populations, and many south-
ern Australian koalas carry no copies of KoRV at all (Tarlinton
et al. 2006; Simmons et al. 2012).

Although there were no LTR mutations detected within
each enKoRYV provirus, the LTR sequences did vary across the
proviruses (fig. 2). Among the ten proviruses, seven LTR hap-
lotypes were identified, indicating that at least seven different
KoRVs have entered the koala germ line. No new mutations
have occurred in the LTRs of the ten enKoRVs since the time
of integration (otherwise there would be differences between
5'- and 3/-LTRs within a provirus). Thus, the LTR differences
across proviruses existed before they invaded the germ line.
Even across the KoRV proviruses, only a small number of
differences separated LTR sequences (fig. 2), indicating that
KoRYV strains invading the koala germ line differed little from
each other before their endogenization. A high rate of muta-
tion often characterizes exogenous retroviruses (Katz and
Skalka 1990), and the differences reported across KoRVs be-
lieved to be exogenous (Shimode et al. 2014) are greater than
those separating the enKoRVs in figure 2. The low sequence
diversity across KoRV LTRs before they endogenized may be
an indication that retroviral invasion of the koala germ line
occurred across a limited period of time, and it may be plau-
sible that all of the enKoRVs formed as part of a single
outbreak.

Of 39 distinct KoRV proviruses examined, all proved to be
endogenous and none was potentially exogenous. If the 39
proviruses examined represent an unbiased sampling of
KoRVs present in the genome, then our best estimate is
that all of the KoRVs in the progeny were endogenous,
with a 95% confidence interval of 0.92-1.00. As exogenous
KoRVs may be present at lower copy number than enKoRVs
(the latter would be integrated in every cell), bias was mini-
mized by examining KoRVs with flanks that were present at
both high and low frequencies among the reads (supplemen-
tary fig. S2 and table S2, Supplementary Material online).
Although we tried to take steps to minimize bias, we
cannot completely rule out the possibility that exogenous
KoRVs might be present in the koalas, for example, if se-
quence differences in exogenous KoRVs would have pre-
vented their being targeted by primers, or if their copy
number was very low relative to that of enKoRVs. The
genome-walking method (Reddy et al. 2008) involved
nested PCR and this also might have produced some bias.
Alternatively, it is also possible that exogenous KoRVs were
not present among the koala triad. Simmons et al. (2012) has
previously noted that the high proviral copy number of
Queensland koalas may be due to endogenous transmission.

Each of the 39 enKoRVs examined was shown to be ver-
tically transmitted; each locus was present in the progeny and
at least one parent, or in a parent and one or more other
koalas known to be kin. Although no novel enKoRVs were
detected between the generations, the degree to which ad-
ditional proliferation of new enKoRVs may continue among
koalas is not yet clear. In studies of endogenous murine leu-
kemia viruses (MuLVs), the proliferation of novel ERVs has
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been examined in highly inbred strains of mice. Novel endog-
enous proviral integrations into the germ line are very rare in
low viremic strains of mice, although they occur more com-
monly in highly viremic strains (Rowe and Kozak 1980; Herr
and Gilbert 1982; Jenkins et al. 1982; Jenkins and Copeland
1985). Yet even in mouse congenic strains in which highly
expressed endogenous MuLV loci are bred into a background
strain permissive for endogenous MuLV expression (SWR/)),
the number of newly acquired proviruses was low (Jenkins
and Copeland 1985). In the permissive conditions, only 18.6%
of progeny acquired new germ line proviruses with only an
average of 0.5 proviruses per individual (Jenkins and Copeland
1985). Although no novel enKoRVs were detected in the
koala progeny, the mouse studies suggest that new ERVs
may be generated only gradually through transposition or
through exogenous KoRV integration.

Although all 39 KoRV proviruses examined proved to be
endogenous, only one was shared between the unrelated sire
and dam koalas (tables 2 and 3). This suggests that a prolif-
eration (table 1) (Simmons et al. 2012) of low frequency
enKoRVs (tables 2 and 3) has occurred among the germ
lines of northern Australian koalas. The low frequency for
each enKoRV would also explain why enKoRV loci were
not detected in both chromosomes within individual
koalas: Only enKoRVs present at high frequencies in their
natal population would tend to be present in both chromo-
somes of an individual. Previous estimates suggest that north-
ern Australian koalas carry an average of 165 copies of KoRV
per cell (Simmons et al. 2012). Although the population size
of northern Australian koalas is uncertain, one estimate
placed it at approximately 167,000 (Department of the
Environment, Canberra 2014). Given that only one of 39
enKoRVs was shared between the two parent koalas (zoo
animals descended from Queensland koalas), one can extrap-
olate that the wild koalas of Queensland may have carried
many thousands of distinct enKoRV loci, each present in only
a small proportion of the individual koalas.

The low frequencies at which distinct enKoRVs are present
across koala individuals and chromosomes (tables 2 and 3)
would almost certainly be due to their very recent integration,
as each enKoRV would have originated in a single germ line
chromosome. The lower the frequency of an enKoRYV, the
greater the probability of its removal by genetic drift. Over
time, genetic drift would remove most enKoRV loci from the
koala population. However, a small proportion of loci would
increase in frequency and become fixed through random drift
(a process that would take many thousands of generations).

The low diversity of KoRV may reflect a low mutation rate
for enKoRVs in the koala nuclear genome, which should be
much slower than the mutation rate of exogenous KoRV
retroviruses (Katz and Skalka 1990). The limited polymor-
phism reported for KoRV among modern and museum ar-
chive koalas has suggested that selection among KoRV
sequence variants may not have played a strong role in
KoRV evolution (Avila-Arcos et al. 2013; Tsangaras et al.
2014). This would not rule out the possibility that enKoRVs
may greatly vary in their effects on koala fitness depending on
where they integrated in the host genome. It seems likely that

selection would favor koalas with fewer enKoRVs, or with
enKoRVs that had fewer combined deleterious effects. The
overall reduction in fitness of an individual due to enKoRVs
would likely depend on the total number of enKoRVs present
in the genome (Simmons et al. 2012), on the chromosomal
locations of the enKoRVs (Buzdin et al. 2006; Lamprecht et al.
2010), and on whether they had one or two chromosomal
copies at enKoRV loci (Bellone et al. 2013).

Every northern Australian koala carries many copies of
KoRV (Simmons et al. 2012). Although the KoRV copy
number estimated for northern Australian koalas is 165
copies/cell (Simmons et al. 2012), the variance across these
koalas is limited (range 139-199 copies/cell) (Simmons et al.
2012). The limited range in copy number may reflect a ten-
dency of random mating to equilibrate the number of
enKoRVs per individual within a population. In contrast,
across populations, studies of genetic diversity in koalas sug-
gest that gene flow may be limited (Houlden et al. 1999). This
may be particularly true between koala populations in north-
ern and southern Australia, as the average copy number for
KoRV is very low in the south relative to the north, whereas
KoRV has been ubiquitous in the north for more than a
century (Tarlinton et al. 2006; Simmons et al. 2012; Avila-
Arcos et al. 2013). To the degree that gene flow can occur
between north and south, this would be expected to even-
tually equilibrate the copy number of enKoRVs at a level
intermediate between those currently found in northern
and southern Australian koalas.

In summary, the northern Australian koala population is
now marked by a very large number of enKoRV loci, but with
each distinct enKoRV at low frequency in the population.
Thus only a small proportion of enKoRVs would be shared
between individuals, or present in both chromosomes of an
individual. Our results suggest that the initial emergence of
ERVs involves a massive proliferation of proviruses in the
germ lines of one or more populations of the host species.
After stabilization, the number of copies of the ERV would be
reduced by selection against deleterious integrants; the
number of ERV loci would be reduced by drift (with most
disappearing but a small proportion becoming fixed), whereas
admixture with populations that carry few or no copies of the
ERV would lead to dilution and equilibration of ERV copy
number.

Materials and Methods

Koala Samples

Ethical approval for this study was granted by the University
of lllinois Institutional Animal Care and Use Committee, ap-
proved protocol number 12040. Blood samples from north-
ern Australian koalas were obtained during regular physical
examinations by trained staff at the Columbus Zoo and the
San Diego Zoo, USA. The American Zoo Association’s Species
Survival Plan manages northern (Queensland) and southern
koalas separately. Three northern Australian koalas comprised
a parent—progeny triad (progeny: Pci-SN404, sire: Pci-SN248,
and dam: Pci-SN345). The pedigree of these individuals was
available in the North American Studbook for koalas.

115


,
,
o
While 
ca.
,
since 
endogenous 
endogenous 
endogenous 
While 
-
By 
since 
il
il
 (IACUC)
-

Ishida et al. - doi:10.1093/molbev/msu275

MBE

Inbreeding was known to be limited in their pedigree. The
parents shared only a single distant ancestor (great grandpar-
ent to the sire and great—great grandparent to the dam) and
thus had a low estimated relatedness (r = 0.008). In addition
to the triad, other zoo samples that were kin to the triad
included Pci-SN374, the daughter of Pci-SN248, and Pci-
SN345; and two patrilineal siblings of Pci-SN345: Pci-SN339
and Pci-SN356. For zoo koalas, genomic DNA was extracted
from buffy coat using the QlAamp DNA Blood Mini Kit
(Qiagen, Valencia, CA). The southern Australian koala DNA
samples were provided by the National Cancer Institute
(NCI), USA, used the NCI sample numbers, and had been
collected from free-ranging wild koalas in Australia. Pci-157
was from the Stony Rises of Victoria, Pci-106 was from the
Brisbane Ranges of Victoria, and Pci-187 was from Kangaroo
Island of South Australia (table 1). The blood samples had
been collected under permit no. 87-150 issued by the
Department of Conservation, Forests and Land, Victoria
(Taylor et al. 1991). The DNA had been extracted using a
phenol—-chloroform method at NCI.

Screening Koala Samples for the Presence of KoRV

As some koala individuals and populations are largely free of
KoRYV, the DNA samples used in this study were screened to
determine that they were KoRV positive by PCR using primers
that were previously published (Tarlinton et al. 2006) or newly
designed based on conserved regions of the LTRs (3'-LTR-F2:
AGTTGTGTTCGCGTTGATCC, KoRV3LTR_F2R: TACCTCCC
GTCGGTGGTT). The primer 3'-LTR-F2 was also used to iso-
late KoRV flanking regions (the next section has details). The
PCR setup is described below, whereas the algorithm used
was as previously described (Ishida et al. 2011).

Isolation and Sequencing of Koala Genomic Regions
Flanking KoRV Proviruses

To identify host genomic regions flanking KoRV proviral in-
tegration sites, the genome-walking method established by
Reddy et al. (2008) was implemented, although modified to
use next-generation sequencing as illustrated in supplemen-
tary figure S1, Supplementary Material online. The REPLI-g
Mini Kit (Qiagen) was used. Approximately 100 ng of each
koala genomic DNA was denatured, following the REPLI-g kit
protocols. Four different walker-adapter primers were then
attached to each denatured DNA (Reddy et al. 2008) (sup-
plementary table S3, Supplementary Material online), using a
mix that consisted of 10 units of Phi29 DNA polymerase, 1x
Phi29 DNA polymerase reaction buffer, 200 uM dNTPs, and
20 UM of each walker-adapter primer. The mixture was incu-
bated at 30 °C for 90 min to initiate multiple primer extension
events, then incubated at 65 °C for 10 min to inactivate the
polymerase. The QIAquick PCR Purification Kit (Qiagen) was
used to remove unincorporated walker-adapter primers, fol-
lowing the manufacturer’s protocol. The purified DNA frag-
ments with walker-adapter primers were eluted using 40 pl of
TLE buffer.

The eluted DNA was used as template for PCR procedures
involved in the genome-walking method (supplementary fig.
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S1, Supplementary Material online) (Reddy et al. 2008). Each
PCR relied on one walker primer and one KoRV-specific
primer (supplementary table S3, Supplementary Material
online). The KoRV-specific primers were designed
using Primer3 (http://fokker.wimitedu/primer3/inputhtm,
last accessed September 29, 2014) (Rozen and Skaletsky
2000), and designed to target the 5'-end or 3'-end of the
LTR based on regions conserved among published KoRV se-
quences available at the time: GenBank accession numbers
AF151794 (Hanger et al. 2000), DQG683164, DQ683166,
DQ683167, and DQ683168 (Tarlinton 2006). A primary PCR
was conducted as previously described (Reddy et al. 2008). In
the subsequent nested PCR, the primary PCR product was
used as template, and amplified using a pair of HPLC-purified
primers (Integrated DNA Technologies, Coralville, IA). Primers
were prepared by following the manufacturer’s protocol for
the Roche Genome Sequencer System (Roche Applied
Science, Penzberg, Germany). One primer consisted of three
concatenated segments: A GS FLX Titanium adapter “Primer
A” segment (CCATCTCATCCCTGCGTGTCTCCGACTCAG), a
MID, and a KoRV-specific primer (supplementary table S3,
Supplementary Material online). The MID used was the same
across the four different amplicons of walker-adapter but
distinctive for each koala individual, and for each run (5’ or
3'). The second primer consisted of two concatenated seg-
ments: The GS FLX Titanium adapter “Primer B” (CCTATCCC
CTGTGTGCCTTGGCAGTCTCAG) and a second walker
primer previously described (Reddy et al. 2008) (supplemen-
tary table S3, Supplementary Material online). PCR was con-
ducted using the FastStart High Fidelity PCR System (Roche
Applied Science) and the PCR components and algorithm
conformed to the manufacturer’s protocol. The resulting
PCR amplicons were purified using AMPure XP beads
(Beckman Coulter, CA) with a magnetic particle concentra-
tor. The concentrations of the purified nested PCR amplicons
were estimated using a Qubit 2.0 Fluorometer (Life
Technologies Corp.) and amplicon sizes, quality, and quantity
were measured using an Agilent 2100 Bioanalyzer at the
Functional Genomics Unit, Biotechnology Center (Biotech
Center) at the University of lllinois at Urbana-Champaign
(UIUC). Amplicon concentrations were adjusted so that
equal amounts would be pooled. The pooled sample was
eluted on an agarose gel and separated into two size classes,
one approximately 200-400 bp and the other approximately
400-1,000bp at the High-Throughput Sequencing and
Genotyping Unit, Biotech Center at UIUC. Each size class
was run separately on 1/16th of a PicoTiterPlate (PTP) (1/8
PTP total) on the Roche 454 GS FLX+ platform at the UIUC
High-Throughput Sequencing and Genotyping Unit.

Bioinformatics Processing of Next-Generation
Sequences

Reads generated by the Roche 454 GS FLX platform were
converted into FASTQ format using the Galaxy platform
(Giardine et al. 2005; Blankenberg et al. 2010; Goecks et al.
2010). The experimentally ligated MID formed part of the
sequence read and indicated which koala the sequence
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originated in, and whether the 5'-end of the LTRs or the 3'-
end of the LTRs was the target. As 5'- and 3'-LTRs have nearly
identical sequences, about half of the PCR amplicons and
subsequent sequencing reads would be expected to identify
sequence within the KoRV provirus rather than sequences in
the host flanks. To remove reads matching the KoRV provirus,
we used Bowtie2 (Langmead and Salzberg 2012), using the
“very sensitive local alignment” preset, to attempt to map all
reads to published KoRV sequence AF151794 (Hanger et al.
2000). Only reads that did not map to KoRV genes were
further considered.

To identify the boundary between the KoRV LTR and the
koala flanking genomic sequence, the flanks were mapped
onto the published KoRV LTR sequence using Bowtie2
(Langmead and Salzberg 2012), using the “very sensitive
local alignment” preset. The LTR sequences proved to be
2 bp shorter at the 5'-end and 1bp shorter at the 3'-end of
the LTRs (total 3bp shorter) than the published reference
sequence (Hanger et al. 2000).

A number of steps were taken to find the matching 5'- and
3'-flanks at a single proviral locus. First, the flank sequences
were trimmed to include approximately 10 bp of the end of
the LTR and 10 bp of the koala genomic regions. Each flank
sequence was aligned to the Meug 1.1 assembly of the
genome of the tammar wallaby (Renfree et al. 2011) using
BLASTN (Altschul et al. 1990) using parameters for short local
alignment. Flanks that aligned to more than three scaffolds
were removed to reduce the possibility that multiple unique
flanks of KoRV might be misidentified as one insertion. We
wrote a routine using BioPython (Cock et al. 2009) to filter the
BLAST results for pairs of 5'- and 3'-koala genomic flanks. The
matched 5'- and 3'-flanks should be aligned within 10 bp due
to target site duplication but not overlapping by more than
10 bp, on the same wallaby scaffold, in the proper orientation,
to identify koala genomic sequences that corresponded to the
5'- and 3'-host genomic flanks of the same KoRV locus. The
trio of sequences (5" of the proviral integration site, 3" of the
proviral integration site, plus the matching wallaby segment)
was then realigned and visually inspected in the software
Sequencher 5.1 (Gene Codes Corp., MI).

To identify additional matched flanking sequences on
either side of a single proviral locus, all flank sequences
were queried against low-coverage koala genomic sequences.
For this search, Bowtie2 (version 2.1.0) (Langmead and
Salzberg 2012) was run on the Galaxy platform (Giardine
et al. 2005; Blankenberg et al. 2010; Goecks et al. 2010). The
koala genomic reads had been generated using DNA from Pci-
SN404, sequenced on 1/16th of a PTP of the Roche 454 GS
FLX+ platform (Roche Applied Science) run at the High-
Throughput Sequencing and Genotyping Unit, UIUC, as has
been previously described (Ruiz-Rodriguez et al. 2014).

To estimate the number of distinct retroviral integrations
from the host flanks sequenced by the Roche 454 GS FLX
platform (supplementary table S1, Supplementary Material
online), the reads were trimmed to only include approxi-
mately 50 bp of host genomic flank adjacent to the proviral
LTR. We retained only those reads that contained at least
50 bp of host genomic flank and had a base call quality of

99% for every position in the 50 bp. This minimized the pos-
sibility of an inflated count due to sequencing errors. For each
MID data set iteration, we used the Megablast algorithm in
BLASTN (Altschul et al. 1990) to cross-align all filtered reads
from the same iteration, and grouped together those reads
that were at least 80% similar, with each group of reads
counted as a “distinct” flank sequence. These criteria for
grouping the number of distinct flank sequences may have
somewhat underestimated the total. For each distinct group-
ing of flank sequences, the consensus 4 bp at the LTR bound-
ary was taken as the target site duplication for the integration
site. The number of proviruses for each koala was estimated as
the number of distinct flank sequences detected for 5'- and
3'flanks separately, and present in at least two of the se-
quence reads (singletons were removed to minimize potential
error). Then for each target site duplication, the number of 5'-
and 3'-distinct sequences was compared, and the larger of the
two for each target site duplication was used in estimating the
total number of reads for each individual koala (supplemen-
tary table S1, Supplementary Material online). The number of
sequencing reads per distinct flank is shown in supplementary
figure S2, Supplementary Material online.

PCR and Sequencing of Flanks and LTRs, and
Network Analysis of LTRs

PCR primers were designed using the software Primer3
(http://fokker.wi.mitedu/primer3/inputhtm, last accessed
September 29, 2014) (Rozen and Skaletsky 2000), targeting
koala genomic sequences flanking proviral integration sites, or
targeting KoRV LTR sequence (supplementary tables S4 and
S5, Supplementary Material online). Primers for identification
of enKoRVs in the dam-sire—progeny triad were designed
based on flank reads from the Roche 454 GS FLX+ platform
for Pci-SN404 (progeny). To minimize potential bias in de-
tecting endogenous over exogenous KoRVs, half of the primer
sets were designed based on distinct flanks that were de-
tected in high frequencies among the sequence reads,
whereas the rest were designed based on distinct flanks
that were detected in low frequencies among the sequence
reads (supplementary table S2 and fig. S2, Supplementary
Material online). Only the successful primers are shown in
supplementary table S5, Supplementary Material online. To
minimize the targeting of repetitive regions within the koala
genome, flank primer sequences were queried against low
coverage whole-genome sequence of Pci-SN404 from a 1/
16th PTP run on the Roche 454 GS FLX+ platform (Ruiz-
Rodriguez et al. 2014), although none of them was found to
be in repetitive regions by using this low coverage sequence.
When the same 4-bp target site duplication was identified
upstream of a 5'-LTR and downstream of a 3'-LTR, PCR was
conducted using a primer that targeted the 5'-flank with one
that targeted the 3'-flank (table 3), to determine whether the
two primers flanked the same locus, using DNA from a koala
known not to carry the relevant KoRV(s) (fig. 1).

PCR mixes used a final concentration of 0.4 M of each
primer, 1.5mM MgCl,, 200puM of each dNTP (Life
Technologies Corp., CA), and 0.04 units/pl of AmpliTaq
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Gold DNA Polymerase (Life Technologies Corp.). The PCR
algorithm consisted of an initial denaturation and activation
of AmpliTaq Gold at 95 °C for 9:45 min; with cycles of 20-s
denaturation at 94 °C, followed by 30-s annealing at 60°C
(first three cycles), decreasing the annealing temperature in
2°C steps to 58, 56, 54 and 52 °C (five cycles each), or 50 °C
(last 22 cycles), followed by 1-min extension at 72 °G; with a
final extension of 7min at 72°C. An aliquot of each PCR
amplicon was examined on an agarose gel with ethidium
bromide under UV light. Amplicons were treated with
Exonuclease | (USB Corporation, OH) and shrimp alkaline
phosphatase (USB Corporation) to remove excess primers
and unincorporated dNTPs (Hanke and Wink 1994). Sanger
sequencing was performed in both directions using the
BigDye Terminator v3.1 Cycle Sequencing Kit (Life
Technologies Corp.) with 25l of purified PCR product
and 0.12 uM primer (M13 forward or reverse), as previously
described (Ishida et al. 2011), and purified and resolved on an
ABI 3730XL capillary sequencer at the High-Throughput
Sequencing and Genotyping Unit, Biotech Center at UIUC.
The software Sequencher 4.5 (Gene Codes Corp., MI) was
used to examine and edit chromatograms. For the LTR se-
quence across ten KoRV proviruses, a median-joining (MJ)
network was constructed using the software Network
4.6.1.1 (Bandelt et al. 1999). Flank and LTR sequences of ten
proviruses were deposited in GenBank (accession numbers:
KJ152809-K]J152818). For 30 proviruses, only the 5'- or the
3'flank is known; these are included as supplementary
sequences, Supplementary Material online.

For each distinct proviral flank verified by PCR and Sanger
sequencing, the 50 bp of host genomic sequence flanking the
provirus identified by Sanger sequencing was used as a query
against the Roche 454 flank sequencing data set, and the
number of matching reads was recorded (supplementary
table S2, Supplementary Material online), in order to
show that proviruses were evenly distributed among flanks
with low numbers of reads and flanks with high numbers of
reads.

Statistical Analyses

Confidence intervals were calculated using the “modified
Wald method” (Agresti and Coull 1998) implemented in
GraphPad  (http://graphpad.com/quickcalcs/conflnterval1/,
last accessed September 29, 2014) for the confidence interval
of a proportion. As all 39 KoRVs examined were determined
to be endogenous, with no exogenous KoRVs detected, the
confidence intervals were adjusted to account for data in
which the observed proportion is zero, and the true propor-
tion cannot be lower than zero (i.e, uncertainty is unidirec-
tional and not bidirectional).

Supplementary Material

Supplementary sequences, figures S1and S2, and tables S1-S5
are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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