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Mammalian retrotransposons, transposable elements that are processed through an RNA intermediate, are
categorized as short interspersed elements (SINEs), long interspersed elements (LINEs), and long terminal
repeat (LTR) retroelements, which include endogenous retroviruses. The ability of transposable elements to
autonomously amplify led to their initial characterization as selfish or junk DNA; however, it is now known that
they may acquire specific cellular functions in a genome and are implicated in host defense mechanisms as well
as in genome evolution. Interactions between classes of transposable elements may exert a markedly different
and potentially more significant effect on a genome than interactions between members of a single class of
transposable elements. We examined the genomic structure and evolution of the kangaroo endogenous retro-
virus (KERYV) in the marsupial genus Macropus. The complete proviral structure of the kangaroo endogenous
retrovirus, phylogenetic relationship among relative retroviruses, and expression of this virus in both Macropus
rufogriseus and M. eugenii are presented for the first time. In addition, we show the relative copy number and
distribution of the kangaroo endogenous retrovirus in the Macropus genus. Our data indicate that amplifica-
tion of the kangaroo endogenous retrovirus occurred in a lineage-specific fashion, is restricted to the centro-
meres, and is not correlated with LINE depletion. Finally, analysis of KERV long terminal repeat sequences
using massively parallel sequencing indicates that the recent amplification in M. rufogriseus is likely due to

duplications and concerted evolution rather than a high number of independent insertion events.

Transposable elements (TEs), first identified in the 1950s,
are present in all organisms, and many are critical players in
genome organization and evolution. Transposition events may
be detrimental to the host genome, resulting in either inser-
tional mutagenesis or nonallelic homologous recombination.
In the mammalian genome, these retroposition events are as-
sociated with mutations, diseases, and epigenetic modifications
(20). Alternatively, TEs may be exapted by the host genome;
for example, retroelements are implicated in centromere de-
marcation (24, 35), telomere function (6), host defense (5, 44,
45), DNA repair (8), and placental development (55). Since
TEs can impact the evolution of both gene regulation and
function, an understanding of the complex interplay between
genomes and their resident TEs is needed. The classes, popu-
lation density, and evolution of TEs are varied within eu-
karyotes. For example, long interspersed elements (L1s) are
thought to be transmitted vertically; are the most populous in
the mammalian genome, accounting for almost half of the
sequences in the mouse and human genomes (41, 48, 60); and
have been demonstrated to have recurrent activity since the
diversification of the mammalian clade (12, 26, 61). Con-
versely, endogenous retroviruses (ERVs) are believed to result
from the integration of exogenous retroviruses into the germ
line and consequently have short durations of activity before
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being inactivated by the host genome (4). Multiple waves of
ERV infection and subsequent quiescence have occurred
throughout mammalian evolution, with copies of nonfunc-
tional and degraded ERVs found in all mammalian genomes
examined to date (28, 32, 66). The differences between these
two classes of TEs with regard to maintenance and evolution
have led researchers to consider ERVs to principally be para-
sitic sequences, whereas L1s are regarded as participants in
genome evolution (18, 27, 61), although more recently, Le
Rouzic et al. (42) proposed that long-term selection of any TE
is indicative of Darwinian selection, e.g., functional constraint.

The complex interplay between classes of TEs can also have
a profound impact on genome evolution. Such an interplay has
been implicated in the evolution of the eel (Anguilla japonica)
genome, where short interspersed elements (SINEs) are mo-
bilized in response to the in trans activity of active L1s (40). In
another example, a novel retroelement, the MysTR retrovirus,
was shown to have undergone recent amplification coincident
with the loss of L1s in Oryzomys, the South American rice rat
(13). Moreover, the loss of L1s in Oryzomys and amplification
of MysTR were coincident with the diversification of the clade
(30).

The kangaroo endogenous retrovirus (KERV) is a recently
identified endogenous retrovirus (52) that presents a compel-
ling case for studying the role of retroelements in genome
evolution. KERV was originally found as an amplified se-
quence at the centromeres in an interspecific hybrid between
the two closely related wallaby species Macropus rufogriseus
and M. eugenii (52). More recent hybridization experiments
have proven that KERV is present in all extant marsupials at
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active and latent centromeres (23, 24). The sister taxa M.
eugenii and M. rufogriseus diverged within the last 1 million to
2 million years (29) and represent taxa with a rich evolutionary
history in their resident retroelement populations. M. eugenii
and M. rufogriseus have the same chromosome complement
and conserved chromosome segments (reviewed in reference
51), yet M. rufogriseus has significantly expanded centromeric
regions, comprising almost 30% of the genome and largely
consisting of KERV elements. The centromeric expansions
observed in M. rufogresius are fixed in this species (10, 49, 52)
and as such provide a model in which to examine the impact of
an active retroelement on other retroelements resident within
the genome.

In this study, the structure and expression pattern of KERYV,
its phylogenetic relationship with other retroviruses, and its
long terminal repeat (LTR) sequence composition within M.
eugenii and M. rufogriseus were characterized. In addition, as-
says for any potential interplay between KERV and the L1
population of TEs in the Macropus genus were performed.
Fluorescence in situ hybridization (FISH), quantitative real-
time PCR, and RNA studies were used to determine the rel-
ative copy number, expression, and distribution of KERV and
L1 elements in M. rufogriseus and M. eugenii. KERYV, a
6,174-bp proviral genome, is amplified in the Macropus genus
in a lineage-specific fashion, is restricted to the centromeres,
and is not correlated with L1 depletion. Thus, in contradiction
to the hypothesis of Cantrell et al. that amplification of retro-
elements is directly correlated to loss of L1 elements (13),
KERYV has undergone amplification via duplication events in-
dependent of L1 copy number variation in Macropus and is a
major constituent of active centromeres.

MATERIALS AND METHODS

Sequence and phylogenetic analyses. Alignments of KERV pol and int against
tammar wallaby bacterial artificial chromosome (BAC) sequences were per-
formed using the BLAST program (1). The Vector NTI Advance (Invitrogen)
software suite and NCBI BLAST analysis were used to identify open reading
frames (ORFs) for each viral coding region. All sequences were assembled using
Vector NTI, version 10, ContigExpress software (Invitrogen). Two translated
KERYV pol sequences (KERV.F3, KERV.A4) were aligned, using the ClustalW
program (65) implemented with the DAMBE software package (67), with the
translated pol sequences of 28 other viruses of the Retroviridae family selected
from a preexisting data set from Dimmic et al. (19), with the addition of several
basal retroviruses identified in a separate analysis by Gifford et al. (29). The
aligned sequences were subjected to both a Bayesian Markov chain Monte Carlo
(MCMC) analysis using the MrBayes program, version 3.1.2 (36, 58), and a
maximum-likelihood (ML) analysis implemented in the PHYML software pack-
age (33). Five chains (four heated, one cold) were run through 2 million repli-
cations, collecting 1 tree every 100 generations after the first 2,000 trees, which
were discarded as burn-in. Analysis of the resulting 18,000 trees was performed
using a pol-specific amino acid substitution model (rtREV) (19). This particular
model has previously been shown to provide an improvement over more gener-
alized models when viral pol sequence data are analyzed (19).

Primed in situ hybridization (PRINS). Metaphase chromosomes prepared
from fibroblast cell lines were harvested and fixed to glass slides by standard
methods. Briefly, colcemid was added to a final concentration of 0.1 ug/ml at
37°C for 1 to 2 h, and cells were trypsinized, treated with 0.075 M KCl at 37°C
for 15 to 20 min, prefixed, and fixed with methanol-acetic acid (3:1; modified
Carnoy’s solution). Cells were dropped onto acetone-cleaned slides, air dried
overnight, dehydrated, and stored at —20°C. A HybriWell reaction chamber
(Schleicher & Schuell) was placed on the slide prior to denaturation at 92.5°C, at
which point the reaction mixture was immediately applied. The reaction mixture
consisted of 1 pg of each primer; 1 mM dCTP, dGTP, and dATP; 0.01 mM
digoxigenin-11-dUTP (Roche); 1X Taq buffer (Promega); 4 units Tag polymer-
ase (Promega); and distilled water to a final volume of 50 wpl. The reaction
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chamber was sealed, and the slide was placed on a Hybaid PCR Express in situ
flat block thermal cycler at 92.5°C for 3 min, followed by primer extension at
65°C for 1 h. The reaction chamber was removed and the slide was placed in 65°C
0.2% SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.2% bovine
serum albumin twice for 5 min each time. After the slide was blocked with 5%
bovine serum albumin in 0.2% Tween 20-4X SSC (4XT), detection was performed
using antidigoxigenin fluorescein (sheep; Roche) at 37°C in a humid chamber for 30
min. Excess detection reagents were washed at 45°C in 4XT. Slides were mounted
in Vectashield—4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories). KERV
primers BE95 (5'-GAG GAT CAC CAA GGG ACC GTA TGG) and BE1344
(5'-AAC TGA GCT TAC ACC CCC ACC ATC) were used.

Nucleic acid isolation. Fibroblast cell pellets and/or tissue (liver and testis)
were homogenized, followed by DNA isolation according to the standard phenol
extraction protocol. RNA was extracted from tissue or fibroblast samples stabi-
lized in RNAlater tissue collection and RNA stabilization solution (Ambion)
using an Ambion mirVANA or Qiagen RNAeasy kit according to the manufac-
turers’ protocols.

Northern and Southern analyses. Total RNA from M. rufogriseus was isolated
from fibroblast cells as described above. Ten micrograms of RNA was electro-
phoresed on a 1% agarose-37% formaldehyde gel and transferred to a Hybond
N membrane (Amersham) according to the manufacturer’s instruction. Hybrid-
ization with a randomly 3?P-labeled probe specific for the KERV target was at
65°C overnight in 1 mM EDTA-0.5 M Na,HPO,-7% SDS, followed by a wash
in 0.1X SSC-0.1% SDS at 65°C. Autoradiography was at —80°C overnight using
Kodak X-ray film. Genomic DNA from M. rufogriseus, M. eugenii, and Petrogale
rothschildi was digested overnight with EcoRI, electrophoresed in a 0.8% agarose
gel, acid nicked, and denatured. Southern blots were prepared by transferring the
DNA to a Hybond N+ membrane (Amersham) according to the manufacturer’s
instructions. Hybridization with randomly 3*P-labeled probes specific for the L1
and KERV targets was performed as above. Autoradiography was at —80°C
overnight using Kodak X-ray film.

RACE. M. rufogriseus total RNA was reverse transcribed in the presence of
5'-(G-cap) or 3'-poly(A) SMART II rapid amplification of cDNA ends (RACE)
adapters (BD Biosciences). KERV-specific primers RNSF1 (5'-CTG CAA CCA
GGT CTC CCT TCT CCT AAT G-3') and RNSR (5'-TGG GGC AAT ACC
TTC CAC TGA TAC CTC T-3') were independently used in conjunction with
5'-prepared or 3'-prepared cDNA and associated RACE primers for second-
strand synthesis (4 reactions total, according to the manufacturer’s protocol).
Touchdown PCR conditions were 5 cycles of 94°C for 30 s and 72°C for 3 min;
5 cycles of 94°C for 30 s, 70°C for 30 s, and 72°C for 3 min; and 27 cycles of 94°C
for 30 s, 68°C for 30 s, and 72°C for 3 min. Nested PCR of diluted amplicons was
performed using nested KERV-specific primers nRNSF (5’-CCT CGG TTT
GCC TTT ACA ATA CCT CAC C-3') and nRNSR (5'-GCA GGT CCT TCA
TTA TTG GGG TGA GGT A-3"). Nested PCR products sequenced using ABI
BigDye chemistry.

Reverse transcriptase (RT) PCR. Total RNA was DNase treated prior to
cDNA synthesis using an Invitrogen DNase kit, with a minor modification.
Briefly, 1 ug of RNA in a total volume of 8 pl was heated to 94°C for 3 min and
immediately placed on ice. The protocol was then followed according to the
manufacturer’s instructions. Five hundred nanograms of DNase-treated RNA
was reverse transcribed using an Invitrogen cloned avian myeloblastosis virus
c¢DNA synthesis kit with oligo(dT) primers at 55°C for 1 h according to the
manufacturer’s instructions. Second-strand synthesis was performed in a 50-pl
volume using 1 ul of cDNA, 1 pl 10 mM deoxynucleoside triphosphates, 5 pl
10X PCR buffer (500 mM KCI, 100 mM Tris Cl, pH 9, 15 mM MgCl,, 1% Triton
X-100), 1 pl each forward and reverse primers (100 ng/wl), and 0.5 wl Tag
polymerase. PCR conditions were typically 94°C for 3 min and 30 cycles of 94°C
for 30 s, the annealing temperature appropriate for the primer set (see supple-
mental Table 1 at http://www.oneill.mcb.uconn.edu) for 30 to 45 s, and 72°C for
30 to 45 s, followed by a 10-min extension at 72°C and a 4°C hold.

Real-time (quantitative) PCR analysis. Real-time PCR primers targeted the
pol-int region of the KERV sequence and the ORF1 region of the M. eugenii
L1-3_ME. Primers targeting KERV were BE456 (5'-GCA TCC TTA TCA ACT
TCA CCT TAA-3') and BE-R-711 (5'-TGG AGA CAC AAA CAT ACC CTG
GAC-3'. Primers targeting L1-3_ME were MELIf (5'-GAA GAG AAA TGA
GAG ACA TGA AAG C-3') and MELIr (5'-GGT AGG TGA TTC TTG GTT
TTA GTC C-3'. Primers targeting phosphoglycerate kinase (PGK), the standard-
ization control, were nPGKIf (5'-CTG GCC ATC TTG GGC GGA GCT AA-3')
and nPGKr (5'-TGA TCA TCT CAT TGA CTT TGT C-3'). iQ SYBR green
Supermix (Bio-Rad) was used to amplify all three targets from male M. ru-
fogresius, M. eugenii, and P. rothschildi genomic DNA. Initial denaturation was
performed at 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, 55°C for 30,
and 72°C for 30 s and real-time data collection at 80°C for 10 s. The melt curve
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analysis followed amplification (55°C to 95°C, +0.5°C per cycle). Resultant
values were standardized using the relative expression ratio mathematical model
(54) and PGK (27) as the reference gene. Significance was determined by r-test
analysis.

Homology searches. Homology searches were performed with the GenBank
BLAST suite of programs and the RepeatMasker program (62).

FISH. FISH probes were prepared by labeling plasmids containing either
L1-3_ME with digoxigenin or biotin via PCR and nick translation, respectively.
Probe preparation and hybridization were performed as follows: 375 ng of L1-
3_ME probe was rehydrated in Hybrisol VII (Qbiogene); slides were pretreated
with 0.005% pepsin at 37°C and rinsed with 1X phosphate-buffered saline (PBS),
followed by restabilization in 1% formaldehyde; chromosomal denaturation was
performed for 2.5 min at 75°C in 70% formamide-2X SSC; and posthybridization
washes were preheated to 50°C; and washing was performed at 42°C in 50% form-
amide-2X SSC and 0.5X SSC. After the reaction was blocked with 50% goat serum
in 0.2% Tween 20-1X PBS, detection was performed using antihapten fluoro-
chrome at 37°C in a humid chamber for 30 min. Excess detection reagents were
washed at 45°C in 4X SSC-0.2% Tween 20. Images were captured on an Olympus
AX70 microscope equipped with Applied Imaging Genus software.

High-throughput sequencing and data analysis of KERV LTR. DNA was
extracted from liver tissue from both M. eugenii and M. rufogriseus using standard
phenol-chloroform methods. PCR amplicon fusion primers were designed to
include the Roche 454 forward and reverse primers and key (Lib L A+B).
Multiplex identifier tags were also included in the primer design as well as the
KERYV primer LTR template-specific sequence (LTR forward primer sequence,
ACAGTCTCGGGCGGGTAAAG; LTR reverse primer sequence, ATATGAG
AGAAAGGACGTTCCAGAG). Amplicons for both species were obtained ac-
cording to the Roche Amplicon Library Preparation Method Manual. High-mo-
lecular-weight genomic DNA was diluted to a final concentration of 5 to 20 ng/pl.
PCR conditions were as follows: 1 cycle at 94°C for 3 min and 35 cycles of 94°C
for 15 s, 58°C for 45 s, and 72°C for 1 min, with a final extension at 72°C for 8 min.
Reaction mixtures were purified using AmpureXP beads following the Beckman
AmpureXP cleanup protocol. Purified reaction mixtures were resuspended in 10
wl of 1X Tris-EDTA buffer and quantified using a Bio-Rad Experion DNA 1k
lab chip. Libraries were diluted to the recommended concentrations and subse-
quently amplified using a Roche 454 GS titanium Small Volume emPCR kit
(Lib-L) at a ratio of two molecules of library per bead. Enriched beads were
loaded in two regions of an eight-region GS titanium PicoTiter plate and se-
quenced with a GS titanium sequencing kit (XLR70) for 200 cycles on a Roche
454 GS FLX pyrosequencer. Raw image data were fully processed on a computer
cluster with Roche 454 data analysis processing software, version 2.3.

Roche 454 amplicon run data were used to summarize patterns of sequence
diversity and divergence in both M. rufogriseus and M. eugenii. All high-quality
reads from each run were hierarchically clustered into clumps on the basis of
similarity, and a master sequence for each clump was generated using the pro-
gram UCLUST, version 3.0 (22). In this case, clustering was done under a series
of similarity thresholds (99%, 98%, 95%, 90%, 85%, 80%, 70%, 50%, and 35%).
A maximum of 5,000 sequences was allowed in each clump. Master sequences
from each clump were aligned by use of the MUSCLE program, version 3.8.31
(maximum number of iterations = 2) (21). Evolutionary relationships among
sequences were assessed with a CLC genomic workbench. Summary statistics of
pairwise differences in genetic distance (Jukes-Cantor [JC] distance) among
master sequences and one reference sequence of centromeric repetitive LTR
motif for each species were examined, and a maximum-likelihood phylogeny was
built. For phylogenetic tree construction, the topology and branch lengths of the
tree were estimated with an unweighted pair group method using average link-
ages algorithm and three different substitution models: JC (38), Hasegawa,
Kishino, and Yano (HKY) (34), and generalized time reversible (GTR) (68).
Gamma distribution and transition/transversion ratio parameters were initially
estimated for each substitution model, and then estimated values were included
as starting conditions for the final maximum-likelihood tree estimation. Maxi-
mum-likelihood values for each tree were used to pick the best substitution
model. The topology of the tree with the highest maximum likelihood value was
then used as the template for phylogeny estimation using the three different
substitution models, and Akaike information criterion values were used to esti-
mate which model was the best fit for the topology (numbers of estimated
parameters, 1, 4, and 9 for JC, HKY, and GTR, respectively).

RESULTS

KERY structure. To obtain the full-length proviral sequence
for KERV, we performed sequence analysis of several previ-
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ously identified M. eugenii BAC clones (28). Sequence predic-
tion resolved a 4,954-bp KERYV proviral genome (KERV.F3)
bounded by two identical 610-bp LTRs (6,174 bp total) (Fig.
1A). The KERV.F3 proviral sequence contained a 423-amino-
acid (aa) gag-pro ORF and an 854-aa pol-int ORF. Both trans-
lated ORFs were homologous to the genomes of several be-
taretroviruses. The gag-pro ORF was in the +2 reading frame,
starting 116 bp after the LTR, and appeared to contain a
read-through stop codon 501 bp from the pro start codon. The
pol-int ORF contained a —1 frameshift between the pol +1 and
int +3 regions. The gag-pro ORF encoded a conserved nucleo-
capsid protein domain, a gag-specific zinc finger CCHC do-
main, and a retroviral aspartyl protease domain. The protease
domain is typically found in association with the pol polypro-
tein in most retroviruses but can also be found as part of the
gag polyprotein (14, 16). The pol-int ORF encoded several
domains, including the conserved YXDD functional domain of
the reverse transcriptase enzyme, in addition to RNaseH and
integrase domains. An ORF encoding an env polyprotein was
not identified. The sequence between the end of the pol-int
ORF and the beginning of the 3’ LTR showed low sequence
identity by analysis with the TBLASTX program (~42%) to
hepatitis C virus env as well as several stop codons. An addi-
tional, albeit degraded, KERYV variant was also identified dur-
ing the initial BAC analyses. KERV.A4 was determined to be
5,660 bp in length, contained intact ORFs (which varied in size
in comparison to those in KERV.F3), and was bounded by
nearly identical LTR sequences (Fig. 1B). KERV.F3 in its
entirety shares 90% identity to the murine endogenous retro-
virus (MERV) (39).

KERY phylogenetic analyses. The retroviral classification of
KERYV was determined by phylogenetic analysis using a 782-
amino-acid region of the pol ORF (containing the RT and
RNase H domains). This region was compared to the pol genes
of 28 retrotranscribing viruses encompassing six genera of the
Retroviridae from 10 vertebrate species, including the class
Aves and all three infraclasses of Mammalia (19, 29, 50). Since
retroviral genomes evolve rapidly, the pol gene sequence com-
prising the most conserved portion of retroviral genomes en-
ables the most informative sequence alignment across diver-
gent genera (29) (see supplemental Fig. 1 at http://www.oneill
.mcb.uconn.edu). Phylogenetic analyses of pol using both
MCMC and maximum-likelihood statistics identifies KERV as
basal to betaretroviruses and either a distantly related class of
betaretroviruses or, although less likely, a new genus within
the Retroviridae (Fig. 2).

KERY expression. Northern blot analysis of both M. rufogri-
seus and M. eugenii total RNA revealed higher expression of
the reverse transcriptase regions of KERV in M. rufogriseus
than in M. eugenii (data not shown); therefore, subsequent
expression analyses were performed in M. rufogriseus (see sup-
plemental Fig. 2 at http://www.oneill. mcb.uconn.edu). Se-
quence analysis of M. rufogriseus RT-PCR KERV amplicons
showed high sequence identity (91%) to the previously iden-
tified KERV sequence (GenBank accession number
AF044909), with the exception of a single 295-bp region in the
pol ORF unique to M. rufogriseus (Fig. 3A). RACE using
primers specific to this unique region allowed the isolation of
the 5’ and 3’ ends of the M. rufogriseus KERV. The resultant
assembled sequences indicated a 4,761-bp expressed genome,
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FIG. 1. KERV structure. Genomic structure of the KERV.F3 (A) and KERV.A4 (B) proviral structures isolated from the M. eugenii BAC

clones with GenBank accession numbers AC171384 and AC166215.2,

in addition to several other transcribed regions, degenerate
copies, or possibly, alternatively spliced products (Fig. 3B).
Several RACE products did not align in entirety to any other
RACE clone, likely indicative of unique transcripts (nonalign-
ing sequences shown in Fig. 3C). The sequence of the M.
rufogriseus KERV RNA genome was very similar (94% iden-
tity) to the M. eugenii KERV.F3 sequences, including the ma-
jority of the LTR sequence. The RNA sequence contained
several partial ORFs, the largest of which encoded 255 aa of
the RT protein (Fig. 3A). Attempts to generate larger RACE
products failed beyond the LTR regions, likely due to the high
proportion of highly similar LTRs surrounding both large and
smaller, truncated KERV transcripts, skewing this PCR-based
method toward smaller products.

Overlapping RT-PCR of all regions of the proviral genome
was performed to determine the expression of KERV in M.
eugenii (Fig. 4). The proviral genome is expressed in its en-
tirety, and the assembly of these expressed, overlapping se-
quences shows that they have a high degree of sequence iden-
tity (93%) to the KERV.F3 genomic sequence identified in M.
eugenii, including the LTR sequences in their entirety (data not
shown).

Impact of KERV on other retroelements. Multiple experi-
mental approaches were used to determine the impact of
KERYV on L1 populations in three marsupial species: M. euge-
nii, M. rufogriseus, and the more distantly related species Petro-
gale rothschildi, all of which last shared a common ancestor 22

respectively. The key for features is shown at the bottom.

million years ago (11). Southern blot analysis of KERV showed
that the largest amount of hybridization (i.e., copy number)
was to M. rufogriseus, with less hybridization to M. eugenii and
barely detectable hybridization to P. rothschildi (see supple-
mental Fig. 3 at http:///www.oneill.mcb.uconn.edu). L1-3_ME
is the highest represented L1 in the M. eugenii genome (39).
Southern blot analysis of L1-3_ME showed equal hybridization
signals across all three species, indicating a relatively equal
L1-3_ME population among these species (see supplemental
Fig. 3 at http:///www.oneill. mcb.uconn.edu).

Real-time (quantitative) PCR analysis was employed to de-
termine the relative copy number of the pol-int region of
KERYV, ORF1 of L1-3_ME, and the conserved single-copy
PGK gene (31) in M. eugenii, M. rufogriseus, and Petrogale
rothschildi. There is an 8,000 = 1,000-fold higher copy number
of KERV in M. rufogriseus than in either M. eugenii or P.
rothschildi. M. eugenii harbors a 3 = 0.3-fold higher copy num-
ber of KERV than P. rothschildi. Long interspersed element
(LINE) density showed very little variation in copy number
between all three species, and L1 copy number was not corre-
lated with the differences in KERV copy number observed
(Fig. 5). In contrast, there was a statistically significant differ-
ence between KERV and LINE copy numbers (P = 0.0001).

Finally, a comparative in situ analysis was employed to de-
termine the cytological impact of the recent KERV amplifica-
tion compared to that of L1 elements. KERV mapped to the
centromeres in both M. eugenii and M. rufogriseus by FISH and
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probability of 100%, except for those indicated otherwise. The alpha-, beta-, gamma-, delta-, spuma-, and lentiviral genera of the Retroviridae family
are indicated by brackets and text. KERV is indicated in boldface. SMRYV, squirrel monkey retrovirus; MPMV, Mason-Pfizer monkey virus; OaRV,
Ornithorhynchus anatinus endogenous class Il-related virus; HERV-K, human endogenous retrovirus K; FcRV, Felis catus endogenous class
II-related virus; STLV3, simian T-cell leukemia virus type 3; HTLV1, human T-cell leukemia virus type 1; BLV, bovine leukemia virus; FIV, feline
immunodeficiency virus; HIV, human immunodeficiency virus; SIV(a) simian immunodeficiency virus type a; VISNA, visna virus; CAEV, caprine
arthritis-encephalitis virus; FeSV, feline sarcoma virus; SFV1, Semliki Forest virus type 1; HSV, herpes simplex virus; MLV(b), murine leukemia
virus type b; FLV, Friend leukemia virus; FeLV, feline leukemia virus; GALV, gibbon-ape leukemia virus; RSV, respiratory syncytial virus; ALV,

avian leukosis virus.

PRINS (Fig. 6A and B), with the exception that there was no
KERYV hybridization to the X or Y chromosome in M. rufogri-
seus or to chromosome 7 in M. eugenii. KERV was previously
mapped to chromosome 7 in M. eugenii (23), and we cannot
confirm the absence of KERV on the M. rufogriseus sex chro-
mosomes if proviral genomes are present in low copy numbers.
The KERYV signal in M. rufogriseus spans the centromere and
extends into the large pericentromeric regions, whereas the
KERYV signal in M. eugenii is restricted to the small pericentric/
centric regions (9, 15). The in situ localization patterns confirm
the KERV copy number differences observed between these
Macropus species by quantitative PCR and Southern analyses.
FISH analyses showed that the L1-3_ME probe did not hy-
bridize to the centromeres but, rather, hybridized along the
length of all the chromosome arms (Fig. 6B and D). Barring

the eutherian X chromosome (2), such a distribution is pre-
dicted by prior analysis (53).

Rapid expansion of KERV within centromeres. The massive
expansion of KERV copies within M. rufogriseus centromeres
may be the result of two different processes: (i) in cis expansion
by such forces as tandem duplications or replication slippage,
followed by concerted evolution of the expanded array of re-
peats, or (ii) in trans targeting of the centromere by multiple,
independent insertions by KERV elements. Massive parallel
sequencing of the KERV LTR was performed to test which
scenario, if any, applies to the evolution of the expanded
KERYV arrays. The average genetic distance, variances, and
coefficients of variation are greater in M. eugenii than in M.
rufogriseus (Table 1). The distribution of sequences across clus-
ters was essentially the same for M. eugenii and M. rufogriseus.
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The Shannon-Weiner calculation (H') indicated that the M.
rufogriseus KERV LTR sequences were slightly more diverse
than those of M. eugenii (H'y; . ogrisens = 3-235 H'ar cugenii =
3.15); however, they were essentially equal in distribution

among the clusters of sequences (where the evenness index
J' = 0.99 for both M. rufogriseus and M. eugenii. Frequency
distributions of genetic distance indicated that the greater vari-
ation in M. eugenii is the result of some sequences being much

B D
A C E
LTR = gag = pro pol int — LTR
A gag B pro C pol D int E LTR
2kb o — =3
" il EEIN e =
Tkb m ol bl . il
- — — =
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FIG. 4. M. eugenii RT-PCR. Expression analysis of complete KERV genomic transcripts from Macropus eugenii total RNA by RT-PCR. (Top)
Map of expected products on the basis of genomic DNA; (bottom) actual RT-PCR results for specific regions. The ladder is shown to the left, and

the predicted band is indicated with a dot to the right of each panel.
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(A) and KERYV pol (B) populations in M. rufogriseus, M. eugenii, and P.
rothschildi genomic DNA. Samples are normalized to a housekeeping
gene, PGK.

AMPLIFICATION OF KANGAROO ENDOGENOUS RETROVIRUS 4767

TABLE 1. Summary statistics for distributions of percent identity
and genetic distance for all pairwise comparisons of reference
sequence and all master sequences for
M. rufogriseus and M. eugenii

M. eugenii M. rufogriseus
Statistic . -
0 . Genetic 0 . Genetic
% identity distance % identity distance
Average 52.55 0.90 54.99 0.80
Variance 177.00 0.33 195.25 0.22
SD 13.30 0.58 13.97 0.47
cve 0.25 0.64 0.25 0.58

“ CV, coefficient of variation.

more distant from the others than the distance observed within
the M. rufogriseus sample (Fig. 7A and B). Phylogenies which
included all sequences revealed what appeared to be more
tightly clustered sequences (i.e., shorter branch lengths within
clades) but greater distances between clades for M. eugenii,
while the M. rufogriseus phylogeny presented a case of more
evenly distributed branch lengths among sequences and thus a
more consistent rate of divergence among sequences (Fig. 8A
and B). Thus, these data indicate that the high number of
recent, independent transposition events required that could
account for the explosion in KERV copies is unlikely to have
occurred. Instead, the centromeres of M. rufogriseus have likely

FIG. 6. In situ retroelement analyses. PRINS of KERV (A and B) and FISH of LINE L1-3_ME (C and D) to M. rufogriseus (A and C) and
M. eugenii (B and D) metaphase chromosomes. The probe is fluorescein isothiocyanate (green), and chromosomes are counterstained with DAPI
(blue). The X and Y chromosomes and chromosome 7 are indicated in panels A and B.
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FIG. 7. Genetic divergence of KERV LTR sequences. Frequency distributions of genetic distances from all pairwise comparisons of the
reference sequence and KERV LTR sequences for both M. rufogriseus (A) and M. eugenii (B).

undergone a series of large-scale duplications in tandem with
waves of concerted evolution. Interestingly, a complete ho-
mogenization of the centromere into large, highly identical
arrays of sequences, as is observed in many other mammals
(17, 59), has not yet occurred.

DISCUSSION

We selected members of the Macropodidae family for this
study because they represent a rich evolutionary history re-
garding their karyotype and resident retroelement populations.
Two of the species, Macropus eugenii and Macropus rufogriseus,
are estimated to have diverged within the last 1 million to 2
million years (25). However, while they share the same chro-
mosome complement and conserved chromosome blocks (re-
viewed in reference 51), M. rufogriseus carries significantly ex-
panded centromeric regions, comprising almost 30% of the
genome, compared to M. eugenii. Thus, given the fact that
sister taxa lack this expansion (10), M. rufogriseus has experi-
enced a recent and massive localized expansion of the endog-
enous retrovirus KERV. An expansion of this magnitude, a
nearly 9,000-fold increase in copy number in comparison to the
copy number for the sister taxa, is unprecedented for any ERV
family. This expansion has also occurred in M. eugenii and P.
rothschildi, albeit to a lesser extent in M. eugenii than in P.
rothschildi. Our data suggest that the recent expansion may be
a Macropus-specific event. Species-specific ERV expansions
have been implicated in both species and karyotype diversifi-
cation (30, 37, 46, 49, 63, 64). It is interesting to speculate that
the activity of KERV and its participation in chromosome
remodeling in hybrid genomes (41) may be involved in the
diversification of karyotypes observed in the Macropus genus.

Perhaps even more remarkable than the overall increase in
copy number of KERYV is its restricted localization within chro-
mosomes. In situ analyses of KERV indicate that increased
copy numbers are limited to centromeric and pericentromeric
regions of the Macropus genome (Fig. SA and B). Previous
studies on the distribution of retroelements, principally LINEs,
indicate that novel insertions are random and that it is the
subsequent, posttranspositional rearrangements that generate

a predominantly AT-rich localization (3, 7, 27). Genetic dis-
tance analyses indicate that, like LINEs, the current cytological
restriction of KERV was imposed posttranspositionally, al-
though independent in cis transpositions cannot be definitively
ruled out with the data in hand. The most parsimonious sce-
nario that explains both the observation that M. eugenii carries
more diversity for KERV LTRs and the observation that M.
rufogriseus carries a much higher copy number for KERV is
that smaller blocks of the viral elements have undergone a
series of duplications and periods of concerted evolution
within M. rufogriseus. It has recently been shown that novel
expansions of KERV in interspecific hybrids between M. ru-
fogriseus and another Macropus species, M. agilis, result in the
development of knob-like structures and extensive chromo-
some remodeling specifically at centromeres (49), similar to
those originally observed in maize (47). Although the centro-
mere and pericentromere are gene poor (43), centromeres are
frequent targets for karyotypic rearrangement and thus are
responsible for subsequent speciation events in Macropus (10,
56, 57). The propensity for retroelements to participate in
rearrangements suggests that KERV may be involved or asso-
ciated with rearrangements targeted to centromere regions
that typify this group of mammals.

Impact of KERV on genomic landscape. KERV’s impact on
LINE populations within Macropus should be apparent, given
the 4 million to 7 million years of divergence between the two
species and the recent expansion of KERV within M. rufogri-
seus. The inverse relationship that Cantrell et al. (13) discov-
ered between Oryzomys-native LINEs and ERVs, however, was
not observed in the Macropodidae. LINE populations were
relatively stable between the three marsupials tested, regard-
less of KERV copy number. Lack of the inverse relationship
observed by Cantrell et al. (13) may be because such a rela-
tionship is limited to eutherian mammals or is specific to the
MysTR element. Alternatively, the cytogenetic restriction of
KERY insulates the interstitial LINE population from replace-
ment by KERV. Such a process could account for the lack of
LINE signal in M. rufogriseus centromeric regions. KERV
could participate in chromatin structure reorganization such
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FIG. 8. Maximum-likelihood analysis of KERV LTR divergence. Maximum-likelihood trees of M. rufogriseus (A) and M. eugenii (B) reference
sequence and KERV LTR sequences from clustering analysis. The HKY model of nucleotide evolution was used for tree construction. Notice the
different scales associated with branch lengths. All sequence names begin with an M, followed by the number of the clusters that they represent;
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that the chromatin configuration is no longer optimal for LINE
insertions. Conversely, KERV’s sequence conservation, con-
tinued expression, localization to centromeres, breaks of syn-
teny, and nearly ubiquitous distribution in the marsupial clade
set it apart from previously observed ERVs (23, 24). Thus,
KERV’s relationship with the host may vary from the relation-
ship observed by Cantrell et al. (13) due to the different evo-
lutionary forces under which the Macropus and Oryzomys ge-
nomes and associated TEs have evolved.

The apparent discrepancy between Macropus and Oryzomys
genomes could also be a widespread phenomenon, perhaps
correlated with differences between eutherian and metatherian
(marsupial) evolution. Therefore, comparative investigation of
additional therian lineages is necessary to resolve the discrep-

ancy in inter-TE impact. Differentiation in TE maintenance
along mammalian infraclass lines (Eutheria, Metatheria, and
Prototheria) would have a significant impact on current theo-
ries of mammalian evolution. Thus, a concerted effort to eval-
uate the interplay between TEs and how this interplay impacts
mammalian host genomes is warranted.
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