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Abstract

The largest living carnivorous marsupial, the Tasmanian devil (Sarcophilus harrisii), is the sole survivor of a lineage
originating about 12 Ma. We set out to investigate the spectrum of transposable elements found in the Tasmanian devil
genome, the first high-coverage genome of an Australian marsupial. Marsupial genomes have been shown to have the
highest amount of transposable elements among vertebrates. We analyzed the horizontally transmitted DNA transposons
OC1 and hAT-1_MEu in the Tasmanian devil genome. OC1 is present in all carnivorous marsupials, while having a very
limited distribution among the remaining Australian marsupial orders. In contrast, hAT-1_MEu is present in all
Australian marsupial orders, and has so far only been identified in a few placental mammals. We screened 158 introns
for phylogenetically informative retrotransposons in the order Dasyuromorphia, and found that the youngest SINE (Short
INterspersed Element), WSINET, is no longer active in the subfamily Dasyuridae. The lack of detectable WSINE1 activity in
this group may be due to a retrotransposon inactivation event approximately 30 Ma. We found that the Tasmanian devil
genome contains a relatively low number of continuous full-length LINE-1 (Long INterspersed Element 1, L1) retro-
transposons compared with the opossum genome. Furthermore, all L1 elements in the Tasmanian devil appeared to be
nonfunctional. Hidden Markov Model approaches suggested that other potential sources of functional reverse transcrip-
tase are absent from the genome. We discuss the issues associated with assembling long, highly similar L1 copies from
short read lllumina data and describe how assembly artifacts can potentially lead to erroneous conclusions.
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Introduction are a type of transposable element that can relocate within

The Tasmanian devil (Sarcophilus harrisii) became isolated on
the Australian island of Tasmania approximately 400 years ago
(Brown 2006). For the past 20 years, the Tasmanian devil pop-
ulation has been plagued by a contagious cancer—the devil
facial tumor disease (DFTD) (Hawkins et al. 2006; Murchison
2008; Deakin and Belov 2012). DFTD spreads among
Tasmanian devils through biting wounds and more than
half of the population has disappeared since the disease was
first discovered in 1996 (Deakin and Belov 2012; Murchison
et al. 2012). To date, genomes from both healthy and DFTD-
tissue have been sequenced to study the molecular basis of
DFTD in an attempt to develop a cure and save the species
from extinction (Miller et al. 2011; Murchison et al. 2012).
Transposable elements make up a significant fraction (up
to 52%) of marsupial genomes (Mikkelsen et al. 2007; Renfree
et al. 2017; Nilsson et al. 2012) and can be divided into class |
and class Il elements. Class Il elements, or DNA transposons,

the genome using a cut-and-paste mechanism. Class | ele-
ments, or retrotransposons, propagate using a copy-and-
paste mechanism (Goodier and Kazazian 2008) through an
RNA intermediate and have accumulated in significantly
greater numbers in the genome than DNA transposons
(Lander et al. 2001; Feschotte and Pritham 2007).

The essential autonomous driver of retrotransposition in
marsupial and placental mammalian genomes is the Long
INterspersed Element-1 (LINE-1, L1) (fig. 1), which encodes
the protein machinery mediating retrotransposition of both
L1 elements and Short INterspersed Elements (SINEs). LINE-2
(L2) and LINE-3 (L3) were active drivers of retrotransposition
in the ancestor of placental and marsupial mammals, but
appear to have stopped mobilizing more than 100 Ma in
the therian mammmal lineage (Smit et al. 1995). In a few
mammalian groups, a LINE-like element, the Retro
Transposon-like Element (RTE), propagated to high genomic

© The Author 2015. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License

(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Open Access

1268 Mol. Biol. Evol. 32(5):1268-1283  doi:10.1093/molbev/msv017  Advance Access publication January 28, 2015


 - 
via
since
Nilsson etal. 2012; 
via
 million years ago (mya)
http://creativecommons.org/licenses/by-nc/4.0/

Tasmanian Devil Transposable Element Dynamics -

doi:10.1093/molbev/msv017

MBE

A Autonomous non-LTR retrotransposons

Genomic copy numbers
Tasmanian Opossum

5D ORF1 ORF2 TSD devil
> BN TE R |map LINET(<6-7kb) ~1,180,000 ~1,170,000
ORF2
> EN AT | TAAGTATC®>  RTE (~4 kb) ~186,000  ~264,000
B Non-autonomous non-LTR retrotransposons
AB
b~~~ p SINE1_Mdo (210nt) 0 ~600,000
AB
b A~ P> WSINET (142 nt) ~200,000 0
C DNA Transposons
ITR ITR
< Transposase » OC1_Das (~2,5 kb) ~5, 200 ~6,000
| Transposase [» hAT-1_MEu (~2,7kb)  ~31,000 0
- — |
- 1
<4 RCHARR1 (~0,9 kb) ~13,000 0

Fic. 1. Structural organization of non-LTR retrotransposons (A, B) and DNA transposons (C) identified in the Tasmanian devil genome. ORFs are
disrupted by frameshifts, nonsense mutations, and indels. We investigated L1-1_MD from opossum and L1-1_SH from Tasmanian devil. WSINE1 from
Tasmanian devil and SINE1_Mdo from opossum are both CORE-SINEs and share a homologous head and body-region. Presented copy numbers of the
different elements were published in Nilsson et al. (2012), Gentles et al. (2007), and Gilbert et al. (2013). For the nonautonomous non-LTR retro-
transposons, the green rectangle indicates the tRNA-region, the pink rectangle is the CORE sequence, whereas the brown rectangle shows the opossum
specific sequence. The 5'- and 3'-ends of RCHARR1 are 99% identical to the 5" and 3’ of the hAT-1_MEu sequence (blue and yellow boxes). ORF1/2,
open reading frames 1 and 2; EN, endonuclease; ITR, inverted terminal repeats; AB, A and B box of the RNA polymerase Il promoter; AAA, poly(A)tail.
*RTE elements do not include a poly(A)tail at their 3'-ends, but TAAGTATC tandem repeats.

copy numbers (fig. 1) (Gogolevsky et al. 2008; Walsh et al.
2013). RTE elements are found in only a few placental mam-
malian groups (e.g, Ruminantia, Afrotheria), but are present
in all marsupial orders (Gentles et al. 2007).

Transposable elements are known to destabilize the
human genome, cause mutations, affect gene expression,
have the potential to cause disease in humans and can be
transcriptionally activated in human tumors (Goodier and
Kazazian 2008; Beck et al. 2011; Hancks and Kazazian 2012;
Casacuberta and Gonzalez 2013).

We aimed to study the activity of endogenous transpos-
able elements in the Tasmanian devil genome. We used com-
parative genomics to understand the evolutionary activity of
transposable elements in Tasmanian devil genomes using the
South American opossum (Monodelphis domestica) genome
as an outgroup. We applied comparative genomics within
the order Dasyuromorphia to pinpoint retrotransposon
inactivation events and the horizontal transmission of DNA
transposons into the Tasmanian devil genome.

Results

Genomic Distribution and Properties of Autonomous
Non-Long Terminal Repeat Retrotransposons in the
Tasmanian Devil Genome

Our screening revealed that L1 and the LINE-like RTE ele-
ments comprise 169% (1,179,690 copies) and 1.82%

(186,289 copies) of the Tasmanian devil genome
(WTSI_Devil_ref v7.0), respectively. Of the 1,179,690 L1
copies in the Tasmanian devil genome, the most recently
active element is L1-1_SH, with a consensus sequence
length of 6,676 nucleotides (nt) (Jurka 2011a). The open read-
ing frame 1 (ORF1) and ORF2 were identified in the L1-1_SH
consensus sequence using orthologous ORFs from opossum
and wallaby L1. The 5'-untranslated region (UTR) covers
bases from positions 1-1158, ORF1 positions 1159-1914,
and ORF2 positions 2425-6261. Thus, the 5-UTR s
1,158 nt long, the 3-UTR covers 415nt including the
poly(A)tail, and the spacer between ORF1 and ORF2 is
509 nt in length. We retrieved 384 L1 copies ( > 6,000 nt)
from the Tasmanian devil genome (WTSI_Devil_ref v7.0),
which were either full-length or 5'-truncated. The ORFs of
all L1 copies were inactivated by frameshifts, nonsense mu-
tations, and/or indels. Of the 384 L1 copies exceeding 6,000 nt,
303 copies contained nested integrations, consisting primarily
of other L1 sequences. The 64 copies without additional trans-
posable element insertions had long indels ( > 100 nt) and/
or incomplete 5'- and 3'-UTRs. For our analysis, we chose to
investigate the 17 L1-1_SH copies with intact 5'- and 3'-UTRs
and no nested integrations of transposable element se-
quences. The 17 L1-1_SH copies range in size from 6,432 to
6,762 nt, and are flanked by 5-15 nt target site duplications
(TSDs) (supplementary table S1, Supplementary Material
online). We expanded the search for functional L1s by
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screening a second Tasmanian devil genome (a male donor
“Cedric”: Devil_CABOG_asm.06) for intact ORF2 sequences,
and found this genome to be similarly devoid of functional L1
copies.

We successfully retrieved 355 of the 384 L1 copies that
range from 6,000-6,762 nt from the Cedric devil genome by
comparison of orthologous flanking sequences in the refer-
ence genome. However, a number of copies (29) could not be
retrieved with confidence due to the lower sequencing cov-
erage of the Cedric genome. Of the selected 384 L1 copies, 193
copies were found with both flanks intact, 83 copies had
flanking sequences located on two separate contigs, 81
copies had only one flank on a single contig, and 29 copies
had flanks that could not be found anywhere in the Cedric
genome.

The majority of L1 and RTE copies in a genome are 5'—
truncated; thus, all identified L1 and RTE copies longer than
1,000nt (L1) or 500nt (RTE), respectively, were plotted
against their copy number. The graphs display the length
distribution of L1 and RTE copies in the Tasmanian devil
and opossum genomes in comparison to six different placen-
tal mammals (fig. 2 and supplementary fig. S1, Supplementary
Material online). Three mammals with retrotranspositionally
active L1s (human, mouse, and dog) were selected and
compared to three mammalian genomes harboring only in-
active L1s (ground squirrel, black flying fox, and large flying
fox) (fig. 2). For mammals with retrotranspositionally active
L1s, there are significant numbers of L1 copies longer than
6,000-nt. In contrast, mammals with retrotranspositionally
inactive L1s lack the peak associated with greater than
6,000—-nt-long copies (fig. 2).

To measure the degree of substitution saturation among
the nonfunctional L1-1_SHs in the Tasmanian devil genome,
we aligned nonfunctional ORF2 cassettes from the previously
identified 17 copies with the least amount of mutations.
Twenty-seven L1-1_MD sequences with intact ORF1 and
ORF2 were aligned from the opossum genome. Opossum
L1-1_MD ORF2 sequences were compared with the sequence
variation in the 17 L1-1_SH ORF2 copies (supplementary fig.
S2, Supplementary Material online). The overall mean se-
quence distance among the 27 L1-1_MD copies was 0.013,
indicating a divergence of 1.3%, which is consistent with a
source element model involving active retrotransposition
(Deininger et al. 1992). On the other hand, the mean
sequence distance among the L1-1_SH copies was 0.171,
indicating a divergence of 17.1%, which suggests that these
L1 copies are retrotranspositionally inactive.

After screening all possible L1-1_SH 3’-ends in the
Tasmanian devil genome and removing ambiguities,
165,380 copies with a length of 500 nt remained. None of
these was found to be 100-98% identical, whereas 13 and
52 copies exhibited similarities of 97% and 96%, respectively.
After decreasing the length of the 3" end to 200 nt, 171,840
copies remained. Although there were no fragments with
100% sequence identity, 157 copies were similar at 99%. We
found 270, 870, and 1,598 copies with sequence identities of
98%, 97%, and 96%, respectively. The same 3'-end analysis of
L1 copies was done for panda (Ailuropoda melanoleuca),
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another mammal that has been sequenced using short-read
approaches. L1-1_AMe was used as a query to identify the
500 nt of the 3’-end and we obtained 8,000 copies after re-
moving sequences with ambiguities. Of the remaining 8,000
copies, 1,811 copies were identical (100%), whereas 3,920,
4,766 and 5,196 copies were 99%, 98% and 97% identical,
respectively.

The reverse transcriptase (RT) is essential for both cis- and
trans-mobilization of retrotransposons, because it reverse
transcribes  RNAs encoded by both autonomous and
nonautonomous retrotransposons into cDNA. In order to
test for the possibility that sources of RT other than L1-
1_SH exist in the Tasmanian devil genome, two Hidden
Markov Model (HMM) patterns were created based on ret-
roviral RT domains and L1 ORF2 sequences. The patterns
were searched against all possible ORFs encoding more
than 300 amino acids (aa). The 300 aa value allows identifi-
cation of ORFs that were recently inactivated and contain
single stop-codons or frameshifts yielding translatable ORFs of
greater than 900 nt (300 aa) as well as full-length RT-encoding
ORFs. Each of the two HMM patterns identified different
numbers of ORFs originating from RT in each species.
HMM searches in the opossum genome yielded RT ORFs
that were present in 3,012 copies (RT domain HMM
search) and 28,665 copies (non-Long Terminal Repeat [LTR]
ORF2 HMM search). Contrastingly, HMM searches in the
Tasmanian devil genome identified RT ORFs that were pre-
sent in 71 copies (RT domain HMM search) and 349 copies
(non-LTR ORF2 HMM search) (table 1, fig. 3). The Tasmanian
devil non-LTR ORF2 sequences contained a significant
number (99 of 349 sequences) of ORF sequences containing
stretches of N's.

The HMM pattern based on the non-LTR ORF2 sequence
identified primarily RTE and L1 elements. This search showed
that L1 ORF2 (L1-1_MD ORF2) is the most frequent RT-
encoding ORF in the opossum genome, but found only frag-
mented L1 ORF2s in the Tasmanian devil. The HMM pattern
based on RT-domain sequences identified mainly endoge-
nous retrovirus (ERV) elements in both species, and found
that the expansion of ERVs has been different between the
opossum and Tasmanian devil lineages. The majority of ERV-
derived ORFs in the opossum genome are class | ERVs
(gamma retrovirus), whereas ERV class Il (beta retrovirus)
elements are the most frequent in Tasmanian devil (table 1).

No Detectable WSINE1 Activity in the Tasmanian
Devil Genome

The most recently propagated SINE in the Tasmanian devil
genome is WSINE1 (Wallaby SINE) (Nilsson et al. 2012). Based
on the master gene model of retrotransposon propagation,
suggesting a small number of active source elements
(Deininger et al. 1992), the youngest copies in a genome
will be virtually identical. Both Tasmanian devil and opossum
genomes were screened for the presence of identical SINE
copies (WSINE1 or SINE1_Mdo) to find evidence for
active retrotransposition. We found several subfamilies
with identical SINEs in opossum. The largest subfamily
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Fic. 2. (A) L1 copy lengths plotted against the respective L1 copy numbers identified in four mammals (human, mouse, dog, and opossum) with
retrotranspositionally active L1 elements, (B) L1 copy lengths plotted against the respective L1 copy numbers identified in four mammals (ground
squirrel [Platt and Ray 2012], Black flying fox [Pteropus alecto], Large flying fox [Pteropus vampyrus] [Cantrell et al. 2008; Zhang et al. 2013], and
Tasmanian devil), in which functional L1 elements have not been identified. Peaks in the range of 6,000-6,500 nt indicating full-length L1 elements are
only observed in the genomes of those mammals with functional, retrotransposition-competent L1 elements but are absent from the genomes of those

mammals devoid of any functional L1 elements.

consisted of 175 identical SINE1T_Mdo copies, and several
subfamilies contained around 20 copies each. In contrast, all
WSINE1 copies identified in the Tasmanian devil genome had
accumulated significant numbers of mutations and

indels (supplementary fig. S3, Supplementary Material
online).

The approximately 200,000 pairwise alignments of WSINE1
insertions in two individual Tasmanian devil genomes (Cedric
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Table 1. Percentages of Different Types of RT Derived ORFs in the
Opossum and Tasmanian Devil Genomes Based on an HMM
Approach.

RT Domain HMM Non-LTR ORF2 HMM

Opossum Tas. Devil Opossum  Tas. Devil
Number of sequences 3,012 71 28,665 349
>300 aa
SINEs 0.0 0.1 0.1 0.2
LINEs 32.7 235 99.4 87.6
L1 32.7 233 89.5 87.0
L2 0 0 0.0 0.1
L3 0 0.2 0.0 0.0
RTE 0.0 0 9.9 0.4
LTRs 66.0 54.2 0.1 0.1
ERVL 0 0 0 0
ERV_MalLR 0 0 0 0
ERV_classl 60.0 55 0.1 0.1
ERV_classll 6.0 48.7 0.0 0
DNA transposons 0 (1] (1] 0

genome [Miller et al. 2011] and WTSI_Devil_ref v7.0) were
screened for insertions or deletions, and 652 contained indels
longer than 50 nt. All 652 pairwise alignments were manually
screened and found to be assembly artifacts or partially se-
quenced WSINETs.

Thus, our data suggest an absence of WSINE1 mobilization
in the Tasmanian devil population, as all identified WSINE1
elements were present in both of the aligned genomes (i.e, no
polymorphic loci were identified), and all copies have accu-
mulated significant numbers of substitutions.

Dasyuromorphian Phylogeny and Evolutionary
Activity of WSINET and L1-1_SH

We analyzed the presence/absence patterns of retrotranspo-
sons to shed light on the phylogeny of Dasyuromorphia and
obtained evidence for the silencing of WSINE1 and for the
timing of this putative inactivation event. Polymerase chain
reaction (PCR) analysis of 80 WSINE1-containing introns from
different dasyuromorphian species showed that all elements
clustered on the branch leading to Dasyuromorphia or
Dasyuridae. As we were not able to resolve any branches
younger than 30 My by analyzing SINE insertions, we screened
for the autonomous retrotransposon L1-1_SH to analyze
dasyuromorphian phylogeny. Several of the younger branches
in the dasyuromorphian tree were supported by L1-1_SH
retrotransposition events. All of the analyzed L1-1_SH inser-
tions were 5'-truncated. Where possible, we selected a min-
imum of three informative markers from the 158 intronic loci
containing informative retrotransposition events, in order to
achieve statistically significant support for each branch
(Waddell et al. 2001). The selected 18 introns were sequenced
and analyzed in a larger taxon sampling representing all
subfamilies of Dasyuromorphia as well as the necessary out-
group species (fig. 4, supplementary table S2 and data set S1,
Supplementary Material online). Six insertions were recovered

1272

for the monophyly of the order Dasyuromorphia ([6 0 0]
P =0.0005), ten for the branch leading to Dasyuridae ([10 0
0] P=0.0001), and two for the grouping of Dasyurini and
Phascogalini ([2 0 0] P=0.1111). Branches leading to
Dasyurini and Dasyurus+Sarcophilus were supported by one
insertion each ([1 0 0] P=0.3333). Two large intronic dele-
tions ( > 100nt) occurred on the branches leading to
Dasyurini+Phascogalini and Dasyurini and can be used as
phylogenetic markers.

We did not recover any phylogenetically informative
WSINET and WALLSIT retrotransposition events for diver-
gences younger than the split leading to Dasyuridae approx-
imately 30 Ma. Our study uncovered 50 My of L1-1_SH
retrotransposition  activity from  the origin  of
Dasyuromorphia to the Tasmanian devil branch (fig. 4).

Novel Tasmanian Devil ERV-l Element

A transposable element with similarities to an ERV in the
opossum (LTR104d_Dm) was identified in the Tasmanian
devil genome. The novel Tasmanian devil ERV1 element is
present in 226 copies, flanked by 4-nt long TSDs, and can be
divided into two subfamilies. Type 1 is composed of 139
copies divided into 1a and 1b (1a: 589 nt long and present
in 75 copies; 1b: 596 nt long and present in 64 copies), and
type 2 is 711 nt long and found in 87 copies (supplementary
data set S2, Supplementary Material online). The novel ERV1
fragments are likely soloLTRs from an ERV1 expansion that
occurred in the ancestor of Dasyuridae around 40-30 Ma.

ERV1 was identified by the discovery of a shorter fragment
located in the intron of CNOT1 (CCR4-NOT transcription com-
plex, subunit 1) in the Tasmanian devil genome. This short
fragment has characteristics of retrotransposition such as a
poly(A)tail and TSDs. This is likely a result of an L1-mediated
trans-mobilization event, where the L1 protein machinery
recognized a short poly(A) sequence within the ERV RNA
and retrotransposed the ERV1 fragment through interaction
with this short stretch of A’s. The consequence of these trans-
mobilization events was the five copies ranging in size from
188-335 nt (supplementary table S3, Supplementary Material
online) due to incomplete retrotransposition which led to 5'-
truncated ERV1 copies with TSDs and poly(A)tails. This ele-
ment appears to have been inserted into the CNOT1 intron
of the ancestral lineage leading to Dasyurinae approximately
18 Ma. Conserved PCR primers located inside the ERV1 ele-
ment were used to amplify it in other dasyuromorphian spe-
cies. Analysis of the PCR products indicated that the long
ERV1 type is present only in Dasyuridae and not in
Myrmecobiidae (numbat) (data not shown), suggesting an
origin approximately 30 Ma.

DNA Transposon Activity in the Tasmanian Devil
Genome

Only 1.13% of the Tasmanian devil genome is covered by
DNA transposon sequences—a relatively low proportion
compared with placental mammals. To investigate recent
DNA transposon insertions in the Tasmanian devil genome,
we extracted all copies longer than 1,500 nt, counted the total
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(from LINE1, LINE2, LINE3, RTE, and Penelope) and screened in opossum and Tasmanian devil genomes. (B) In total, 268 RT domain sequences from the
Gypsy Database 2.0 were used to create an HMM pattern. The copy number was plotted against length for each HMM pattern and species. See table 1
for additional information regarding the resulting distribution of element classes from each HMM pattern.

genomic copy number, and searched for ORFs in all six read-
ing frames. We identified 198 copies of DNA transposons that
exceeded 1,500 nt (supplementary table S4, Supplementary
Material online) but only one retained an intact transposase-
coding ORF. We selected two DNA transposons, OC1
(OposCharlie1) and the hAT-1_MEu, for further analysis as
they had a high genomic copy number and retained full-
length copies in the Tasmanian devil genome. The phyloge-
netic distribution of the hAT-1_MEu transposon had not
been screened previously, whereas the OC1 transposon had

been studied in a limited set of dasyuromorphian species
(Gilbert et al. 2013).

Evidence for Recent and Ancient Mobilization of the
hAT OC1 Transposon

The hAT OC1 type is present in approximately 5,200 copies in
the Tasmanian devil genome (Gilbert et al. 2013), and 132
hAT OC1_Das sequences were longer than 1,500 nt. The av-
erage maximum likelihood (ML) sequence distance is 0.081

1273


http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv017/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv017/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msv017/-/DC1
while
r
ancient mobilization
t
>

Gallus et al. - doi:10.1093/molbev/msv017

MBE

¥

. 5 [

Fat-tailed

OO
00

OLINET
OWSINE1
QWALLSI
.ERV element

S. !
P

dunnart ; ;

0

-

Planigale «

Tasmanian
devil

MardoC S

WV Large deletion

Fic. 4. Phylogenetically informative retrotransposon insertions for the order Dasyuromorphia. Each circle represents a phylogenetically informative
retrotransposon insertion. Colors refer to the element type. Two large deletions of more than 100 nt were found and are indicated as black triangles.
Numbat, Myrmecobius fasciatus; Fat-tailed dunnart, Sminthopsis crassicaudata; Planigale, Planigale sp.; Quoll, Dasyurus geoffroii; Dibbler, Parantechinus

apicalis; Mardo, Antechinus flavipes.

(gamma correction 1.65) among the 132 copies greater than
1,500 nt. We found one intact ORF (1,832 nt-610 aa) on a
partial contig on chromosome 3 of OCT1, suggesting a possible
recent transmission of this DNA transposon into the
Tasmanian devil genome. We PCR-amplified the ORF
coding for OC1_Das transposase from cDNA generated
from the fat-tailed dunnart kidney cell line (supplementary
fig. S4, Supplementary Material online). Sequence analysis of
12 independent fat-tailed dunnart-specific cDNA products
did not uncover any intact transposase-encoding ORF.

The evolutionary history of the OC1 transposon was
evaluated by reconstructing a phylogenetic tree of the OC1
transposase-coding ORF. Forty-two copies of OC1 transpo-
sase-coding ORFs were extracted from the available
Tasmanian devil genome sequence. In addition, 12 copies
were PCR-amplified from cDNA from the fat-tailed dunnart,
and consensus sequences were derived for both species. OC1
transposon sequences from Tasmanian devil, dunnart, six
other mammalian species, and the green anole lizard
(Anolis carolinensis) were used to calculate an ML phyloge-
netic tree. The data set was 1,802 nt long, and the best fitting
evolutionary model was GTR + G(4) (Lanave et al. 1984). The
ML tree uncovered a close relationship between the
Tasmanian devil and the fat-tailed dunnart OC1 transposon,
and showed that the OC1 sequences from opossum, placen-
tal mammals, and the green anole lizard are distantly related
(supplementary fig. S5, Supplementary Material online).
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A phylogenetic screen for the presence of the OC1 transpo-
son was performed using PCR. We attempted to amplify a
specific 533-nt OC1 fragment from eight dasyuromorphians,
three closely related Australian orders (Peramelemorphia,
Notoryctemorphia, and Diprotodontia), and the South
American order Didelphimorphia. The PCR amplification of
OC1 was only successful in Dasyuromorphia and Tarsipes
(Diprotodontia) (supplementary fig. S6A, Supplementary
Material online). Our results suggest that the OC1 transposon
was transmitted into the genome of the ancestor of
Dasyuromorphia, as demonstrated by its presence in all in-
vestigated species from this order. Alternatively, OC1 may
have been independently transmitted on multiple occasions.
Based on our taxon sampling from Diprotodontia,
Peramelemorphia, and Notoryctemorphia, it appears that
OC1 has been transmitted to a lesser extent in the genomes
of these orders compared with Dasyuromorphia. However, it
has been shown that there can be vast differences in the
amplification and fixation rate of DNA transposons between
species and populations over evolutionary time scales that
could influence our results (Feschotte and Pritham 2007).

Ancient hAT-1_MEu Transposons Are Present in All
Australian Marsupials

We show that hAT-1_MEu DNA transposons (Jurka 2011b),
originally identified in the tammar wallaby genome, are
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present in the Tasmanian devil genome. The hAT-1_MEu
transposon has a consensus sequence of 2,787 nt and approx-
imately 31,000 copies of hAT-1_MEu were identified in the
Tasmanian devil genome. Of the 31,000 copies, only 34 copies
were longer than 1,500 nt. The average ML distance among
the 34 copies that are longer than 1,500 nt is 0.35 using an
estimated gamma correction of 5.6. The high copy number as
well as the high nucleotide distance among the greater than
1,500-nt-long copies suggests a more ancient transfer of
hAT-1_MEu into the genome than OC1. The 3’-end of
hAT-1_MEu (positions 1-492/2,320-2,784nt) exhibits a
high sequence similarity to the 5'-end (positions 1-494)
and the 3’-end (positions 521-974) of the DNA transposon
RodentCharlieR1 (RCHARR1) (Waterston et al. 2002; Pace
2008), suggesting that hAT-1_MEu is related to RCHARRT.
RCHARR1 is most likely a nonautonomous Miniature
Inverted-repeat Transposable Element (MITE) of the auton-
omous hAT-1_MEu. RCHARRT1 exists in 13,600 copies in the
Tasmanian devil genome, ranging in length from 81 to 458 nt.
A phylogenetic PCR screening identified hAT-1_MEu in all
investigated dasyuromorphians as well as the three other
Australian orders Diprotdontia, Peramelemorphia, and
Notoryctemorphia (supplementary fig. S6B, Supplementary
Material online). The obtained amplification pattern suggests
independent transmissions in the four orders, due to the lack
of hAT-1_MEu amplification in  Macrotis  lagotis
(Peramelemorphia) (supplementary fig. S6B, Supplementary
Material online).

Discussion

Transposable elements can affect the genome in various ways,
such as by gene silencing, adding new exons, contributing to
alternative splicing, or by altering transcription depending on
the region in which they insert (Beck et al. 2011). Several
studies have described the impact of transposable elements
on environmental adaptation and have suggested that they
may play a role in species survival (Casacuberta and Gonzalez
2013). Transposable elements make up approximately 52% of
the marsupial genome (Mikkelsen et al. 2007; Renfree et al.
2011; Nilsson et al. 2012), suggesting that they may have sig-
nificant influence on the genetics of this mammalian infra-
class. Marsupial transposable elements have not been
investigated to the same degree as placental mammals, in
part due to limited sequencing efforts. Currently, only three
marsupial genomes are available—the South American opos-
sum, the Australian tammar wallaby and the Tasmanian devil
(Mikkelsen et al. 2007; Renfree et al. 2011; Murchison et al.
2012).

WSINE1 Became Transpositionally Inactive 30 Ma

Currently available marsupial genome data has revealed that
CORE-SINEs have been active in all marsupial lineages
(Gentles et al. 2007; Munemasa et al. 2008; Nilsson et al.
2012). CORE-SINEs are tRNA-related SINEs characterized by
a highly conserved 65-nt domain that have been inactive in
placental mammals for more than 100 My (Jurka et al. 1995).
WSINET is present in approximately 200,000 copies in the

Tasmanian devil genome (Nilsson et al. 2012). WSINET is
found in all Australian marsupial orders and has a highly
conserved sequence while still proliferating in the different
orders (Nilsson et al. 2010, 2012) and is thus not divided into
specific subfamilies as for instance human Alu elements.
Analyses of nested transposable element integrations have
suggested that it is the youngest SINE in the Tasmanian
devil genome (Nilsson et al. 2012). Thus, WSINE1 appears
to fit the criteria for resolving relationships within
Dasyuromorphia. Previously, retrotransposons have been suc-
cessfully utilized as phylogenetic markers to resolve relation-
ships among several mammalian groups (e.g, Shimamura
et al. 1997; Kriegs et al. 2006; Nilsson et al. 2010).

We investigated 158 introns for the presence of phyloge-
netically informative retrotransposon insertions in the order
Dasyuromorphia. Of these markers, 23 strongly supported the
monophyly of the order Dasyuromorphia, the subfamily
Dasyuridae, and the grouping of Dasyurini with
Phascogalini. A single marker supported the grouping of
quolls (Dasyurus) with Tasmanian devils (Krajewski et al.
2000; Meredith et al. 2008; Nilsson et al. 2012) (fig. 4).

Despite screening more than 80 introns with WSINET1 el-
ements, we could not detect any activity of WSINE1 copies on
any branch in the 30-My-old Dasyuridae lineage. An indepen-
dent study that screened 160 introns containing WSINE1s did
not recover any insertions that were younger than 30 My
(Zeeman et al. 2013). This observation suggests that
WSINE1T became inactive at about 30 Ma on the branch lead-
ing to Dasyuridae. Further evidence for an ancient inactiva-
tion event of WSINET comes from the source element model
of SINE propagation (Deininger et al. 1992). After screening
the opossum and Tasmanian devil genomes a contrasting
pattern emerged between the two species. Our in silico
screen of the opossum genome detected 175 identical
SINE1_Mdo copies that most likely stem from recent integra-
tions derived from the same source element. This is consistent
with an independent study that showed that the opossum
genome has transpositionally active L1 and SINE1_Mdo ele-
ments (Gu et al. 2007). Contrastingly, the Tasmanian devil
genome does not contain identical WSINE1 copies, suggesting
that these elements are no longer mobilized. This corrobo-
rates the finding from the screen of phylogenetically informa-
tive retrotransposons and a previous in silico estimate of an
age of 23 My for the youngest WSINET sub-group in the
Tasmanian devil genome (Nilsson et al. 2012). It has been
observed in a group of species-rich ( > 360 species) South
American rodents (Sigmodontinae) that SINES can stop mo-
bilizing in a genome (Rinehart et al. 2005).

Interestingly, L1 copies in the dasyuromorphian lineage
appear to have retained retrotransposition competence for
several million years after the inactivation of WSINE1 (figs. 4
and 5). This is evident by the detection of L1 insertions for
younger divergences, as well as two 5'-truncated L1s in the
Tasmanian devil, that are absent from its closest relative, the
quoll. Repeat landscape analysis of the Tasmanian devil
genome shows how the activity of WSINET1 started to decline
prior to L1 (fig. 6). Repeat landscapes are used to graphically
represent the abundance of transposable elements plotted
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Tasmanian devil genome.

against divergence to their respective consensus sequences in
a genome, and give an overview of the expansion and decline
of transposable elements over time.

Degraded LINE1 and RTE Landscapes in the
Tasmanian Devil

Evidence indicates that WSINET mobilization has stopped in
the Tasmanian devil genome, and in all 69 species belonging
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to Dasyuridae. We retrieved 5'-truncated L1 insertions that
are only present in the Tasmanian devil, suggesting that L1
was active during the last 12 My. However, the results from
the in silico screening of the Tasmanian devil genome suggest
that there are no functional L1 copies or any alternative
sources of RT activity. In most mammals, L1 copies cover
about 17-20% of the total genome (e.g, Lander et al. 2001;
Mikkelsen et al. 2007). In the human genome, there are


l
d
5'
m
r
-
. Mikkelsen etal. 2007;
).

Tasmanian Devil Transposable Element Dynamics -

doi:10.1093/molbev/msv017

MBE

approximately 10° L1 copies of which approximately 7,000 are
full-length (Lander et al. 2001; Khan et al. 2006). We identified
approximately 13,000 full-length L1 copies in the opossum
genome, all of which appeared to be inactive due to random
mutations, and approximately 500 copies in which both ORFs
were intact and possibly functional. In contrast, we observed
significantly fewer numbers (~380 copies) of full-length L1 or
RTE retrotransposons in the Tasmanian devil genome, and no
intact L1 ORFs could be identified as had been suggested
previously (Jurka 2011a).

Although in silico analysis of full-length L1 elements in the
Tasmanian devil genome showed that they are harboring
numerous mutations that could be attributed to assembly
artifacts, the analysis of 500 nt of the L1 3'-end sequences
should provide a better resolution of the recent history of
L1. Our screen revealed the absence of L1 3'-ends that are
100-98% identical. This is in sharp contrast to the panda
genome where we find 1,811 L1 3'-ends with a length of
500 nt that are 100% identical. However, when we analyze
the 3'-terminal 200 nt of these copies, we find 157 copies that
are 99% identical in the Tasmanian devil genome. Our results
suggest that there are short fragments (200 nt) of L1-1_SH 3'-
UTRs that are highly similar (157 copies—99%) but these are
found, compared with panda, in small numbers. We used an
HMM approach to test for alternative sources of RT in the
Tasmanian devil genome and were unable to detect any func-
tional sources of RT.

Additionally, we analyzed three other mammalian ge-
nomes with transpositionally inactive L1s (ground squirrel
and two megabat species) (Grahn et al. 2005; Cantrell et al.
2008; Platt and Ray 2012) (fig. 2) in a similar vein and observed
a similar pattern of decline and erosion of L1 copies as in the
case of the Tasmanian devil genome. However, we cannot
exclude the possibility that artifacts during genome assembly
might be the cause of the observed erosion of L1 in the
Tasmanian devil (and in other mammalian genomes with
apparent L1 inactivation). This suspicion is raised because
those genomes with transpositionally active L1 copies, such
as human, mouse, and dog (fig. 2), were generated using
Sanger sequencing.

Do Next-Generation Sequencing Data Allow for
Accurate Assembly of LINE Retrotransposon
Sequences?

The advent of next-generation sequencing methods, relying
on short reads (50-150nt), has made it possible to obtain
genome sequences faster than with traditional Sanger se-
quencing methods (Koboldt et al. 2013). However, with the
exception of the human genome, most mammalian genomes
remain poorly or incompletely sequenced due to limited se-
quencing efforts and/or assembly problems from repetitive
sequences (Green 2007; Milinkovitch et al. 2010; Alkan et al.
2017; Birney 2011).

Short reads can pose problems for assembly with regard to
so-called multireads, that is, reads, that are mapped to several
locations within a genome (Treangen and Salzberg 2011).
Multireads come from repetitive sequences, such as

transposable elements, tandem repeats or segmental dupli-
cations. The multiread problem does not affect all transpos-
able elements, rather only copies that are highly similar
(>97%). As functional L1 elements in the mammalian
genome are greater than 99% similar, they are especially sus-
ceptible to the multiread assembly problem. Furthermore,
full-length mammalian L1s are between 6,000 and 8,000 nt
long and are therefore too long to be covered by a single 454,
lllumina, or Sanger sequence read. Additional sequencing
problems come from homopolymeric poly(A) stretches
which are located, for instance, at the 3'-ends of younger L1
insertions and range from 10-85nt (Szak et al. 2002). This
creates problems for both Sanger and lllumina sequencing,
and can lead to the collapse of the entire L1 sequence during
genome assembly. It is impossible to establish if an L1 se-
quence is following the poly(A) stretch when sequencing
from the genomic flank into the potential L1 3'-UTR. Low
coverage genomes present an additional challenge for the
interpretation of transposable element data such as func-
tional L1 copies. For example, zero to few full-length L1
copies with intact ORFs could be assembled in the initial
release of the cat (Felis catus), tammar wallaby, and dog
(Canis  familiaris) genomes (Wang and Kirkness 2005;
Pontius et al. 2007; Renfree et al. 2011). Nonetheless, despite
these apparent difficulties in using short read data to assem-
ble mammalian genomes, we were able to successfully re-
trieve 100 L1 copies, with two intact ORFs, from the panda
genome—the first mammalian genome to be sequenced
using only short reads (average read length: 52 nt) (Li et al.
2010). By doing so, we demonstrated the feasibility of assem-
bling long, highly similar L1 insertions under certain condi-
tions. However, current genome assemblers implement
different algorithms and do not always use the same strategy
to assemble sequences occurring on multiple locations in the
genome (Henson et al. 2012). Both the sequencing strategy
and assembly pipeline can influence transposable element
identification, with recently inserted full-length L1 integra-
tions being one of the most susceptible element.

We note that low copy numbers of functional L1s may
actually be present in the Tasmanian devil genome, but may
have eluded detection due to artifacts during the sequencing
and/or assembly stages. Previous studies of mammalian L1
inactivation events have been based on trace Sanger se-
quences and experimental evidence (Grahn et al. 2005;
Rinehart et al. 2005; Cantrell et al. 2008). L1 extinction was
discovered for the first time in South American sigmodontine
rodents (Casavant et al. 2000; Grahn et al. 2005). In order to
screen genomic L1 copies for intact ORF2 sequences, which
are crucial for retrotransposition, a part of the ORF2 region
was PCR amplified and cloned in frame in the lacZ gene of a
pBluescript vector (Cantrell et al. 2000). LacZ expression re-
sulting in blue bacterial colonies is only possible if the inserted
ORF2 sequence does not harbor any stop codons in the in-
vestigated reading frame. The presence of stop codons in
ORF2 results in white bacterial colonies. The ratio of blue
to white bacterial colonies on an agar plate would give an
indication of the ratio of functional L1 copies in a genome
(Cantrell et al. 2000). The experimental screening method was
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used to evaluate the evolution of L1 in sigmodontine rodents,
and demonstrated that SINEs had become extinct prior to the
L1 inactivation event 9 Ma (Grahn et al. 2005; Rinehart et al.
2005). The same screening method was used to identify an-
other L1 inactivation event in megabats (family
Pteropodidae), estimated to have occurred around 22 Ma
(Cantrell et al. 2008). The L1 sequence present in megabats
was synthesized, and retrotransposition assays confirmed that
it was functional; however, the presence of a long spacer
sequence (445-481 nt) between ORF1 and ORF2 was
found to act as an inhibitor of retrotransposition (Yang
et al. 2014). The synthesis of an L1 from the megabat
genome shows that it is possible to revive inactivated retro-
transposon fossils and test their functionality (Yang et al.
2014). An in silico screening of the 13-lined squirrel genome
(Spermophilus tridecemlineatus) suggests a third documented
L1 inactivation event (Platt and Ray 2012). Using a calculated
neutral mutation rate, the L1 inactivation in the 13-lined
squirrel genome was estimated to around 4-5Ma, with a
reduction in activity beginning as early as 19-26 Ma (Platt
and Ray 2012).

We suggest that high throughput experimental
approaches need to be developed to efficiently screen
nonhuman mammalian genomes for functional Lis, in
order to verify results from genome sequencing. One strategy
is to involve pipelines such as VariationHunter (Hormozdiari
et al. 2010), TIF (Nakagome et al. 2014) or RetroSeq (Keane
et al. 2013) that are specifically developed to identify poly-
morphic transposable element insertions between individuals
in a population to gather evidence about retrotransposition
activity. However, information such as genomic location and
the actual sequence of functional L1 copies cannot be eluci-
dated using such in silico approaches. Rather, identification of
functional L1 copies requires rigorous wet bench verification
of the identified novel insertions as well as the reference
genome sequence of the organism.

Evolutionary Activity of DNA Transposons in
Australian Marsupials

In contrast to class | transposable elements that rarely seem
to lose the ability to retrotranspose within a genome, class Il
elements are usually found as fragmented copies in mamma-
lian genomes (Feschotte and Pritham 2007). To date, only one
transpositionally active DNA transposon has been identified
in mammals (Mitra et al. 2013). The limited numbers and
fragmented nature of DNA transposons in most mammals
may be a result of host-encoded silencing mechanisms that
act on newly introduced elements. Very little is known about
the evolutionary history and lateral transfer of DNA transpo-
sons in marsupials. We have investigated three different DNA
transposons in the Tasmanian devil genome, of which only
the OC1_Das transposon was likely mobilized recently
(Gilbert et al. 2013). To date, the OC1 transposon was
found in 12 distantly related mammals and the green anole
lizard (Novick et al. 2010; Gilbert et al. 2013). After examining
the  phylogenetic  distribution of OC1_Das in
Dasyuromorphia, we concluded that it is present in all
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major subfamilies of this group, suggesting a single ancient
insertion event prior to the diversification of all dasyuromor-
phian subfamilies. However, the number of transmission
events into the genome remains unclear due to the fact
that a complete OC1 ORF was detected in the Tasmanian
devil, together with copies of 8% sequence divergence, sug-
gesting a relatively recent insertion event. Phylogenetic
screening of additional Australian marsupials suggests that
OC1 is not present in the marsupial orders, except for the
diprotodontian honey possum Tarsipes. The reason for the
success of OC1 in dasyuromorphian genomes remains
unclear.

The hAT-1_MEu DNA transposon was previously found in
five placental mammalian species (mouse, rat, praire vole,
tenrec, and shrew) and the anole lizard (Waterston et al.
2002; Pace 2008; data not shown). We showed that hAT-
1_MEu (and its MITEs, e.g, hATA_ME) is present in 31,000
copies in the Tasmanian devil genome and has a broader
phylogenetic distribution among marsupials than among pla-
cental mammals, because it is present in all four Australian
orders. The four Australian marsupial orders share a common
ancestor that lived approximately 60 Ma, and it is unclear
whether the speciation events that lead to the extant
orders took place in Antarctica or Australia (Woodburne
and Case 1996). The absence of the hAT-1_MEu transposon
from the Macrotis lagotis genome (Peramelemorphia) (sup-
plementary fig. S6B, Supplementary Material online) suggests
that several independent transmission events of this transpo-
son may have taken place.

The limited distribution of the hAT-1_MEu element
among placental mammalian orders compared with marsu-
pials may suggest that hAT-1_MEu transmission was facili-
tated by a specific pathogen in a geographically localized
region, over a short period of time.

Potential Causes of SINE and LINE Inactivation

Several lines of evidence suggest that WSINE1 stopped prop-
agating 30 Ma in the ancestor of Dasyuridae; however, it re-
mains unclear whether L1 is still functional given the quality
of current genomic data of this species. Several hypotheses
have been proposed to explain how and why SINEs and LINEs
might go extinct in a genome. These include genetic drift,
competition between retrotransposons, and evolution of
host control mechanisms (Cantrell et al. 2008; Erickson
et al. 2011; Platt and Ray 2012). Over millions of years, host
genomes have evolved complex mechanisms of self-defense
to control the activity of retrotransposons (Schumann et al.
2010; Levin and Moran 2011; Heras et al. 2014). It has been
demonstrated in great apes that Alu elements (primate spe-
cific SINEs) accumulate at different rates among branches of
the primate tree (e.g, orangutan genomes appear to have
very limited SINE activity) (Hormozdiari et al. 2013).
Contrastingly, the study also showed that L1 appears to ac-
cumulate at a similar rate across all primate branches
(Hormozdiari et al. 2013). Thus, L1 activity appears to have
remained constant in primates, whereas SINE activity has
been more prone to bursts of activity followed by periods
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of quiescence for unknown reasons (Hormozdiari et al. 2013).
The interplay between different transposable element groups
and host genome factors is not well understood, as exempli-
fied by the study of great apes.

Further genome sequences from Australian marsupials,
and especially Dasyuromorphia, will add to the understanding
of how transposable elements have evolved in this group
compared with placental mammals.

Materials and Methods

Genomic Distribution of Transposable Elements

The reference genome assembly of the Tasmanian devil
(WTSI_Devil_ref v7.0) (Murchison et al. 2012) and a
Tasmanian devil genome from a male donor Cedric
(Devil_CABOG_asm.06) (Miller et al. 2011) were screened
for transposable elements using RepeatMasker (Repbase
Update 20110920) (Smit et al. 1996) and CENSOR (Kohany
et al. 2006). The Cedric genome assembly was sequenced with
a Roche 454 GS FLX platform (short and long reads) and an
lllumina platform (paired-end sequencing with 300 nt insert
size) (Miller et al. 2011) and assembled with CABOG (Miller
et al. 2008). “WTSI_Devil_ref v7.0” assembly was sequenced
by applying lllumina using short insert and mate pair (3,000—
10,000 nt insert sizes) libraries, and assembled with the
Phusion2 genome assembly pipeline (Murchison et al.
2012). Additionally, the WTSI_Devil_ref v7.0 assembly is
based on lllumina sequencing of individual chromosomes
as well as transcriptomes (Murchison et al. 2012). The
Cedric assembly consists of 148,891 scaffolds with an N50
size of 147,544 nt, whereas the WTSI_Devil_ref v7.0 assembly
consists of 35,974 scaffolds with an N50 of 1,847,186 nt (Miller
et al. 2011; Murchison et al. 2012). Genome assembly of the
South American gray opossum (Monodelphis domestica),
which is referred to in the manuscript as “opossum” (version
monDomb5) (Mikkelsen et al. 2007), was used for comparative
analyses of L1 and SINE1_Mdo (Repbase ID SINE-1_MD) ac-
tivities due to better sequence coverage than the Australian
tammar wallaby (Macropus eugenii) (Renfree et al. 2011). Due
to the use of different names for the same transposable ele-
ment in different databases, both names have been indicated
in the text where relevant.

Frequencies and distributions of L1 and RTE elements
(supplementary fig. S1, Supplementary Material online)
were investigated in the Tasmanian devil genome. The
length distributions of L1 and RTE were calculated by plotting
copy number against length using a custom PERL script. A
repeat landscape was calculated for the WTSI_Devil_ref v7.0
Tasmanian devil genome due to the higher coverage of this
individual relative to Cedric. The genome was repeatmasked
with Cross_Match (Green 1996). Two different Perl-scripts
(calcDivergencefromAlign.pl/createRepeatLandscape.pl)
available with the RepeatMasker package were used to create
the repeat landscape.

Six placental mammals were chosen to investigate the L1
length distribution in species with suspected L1 inactivation
and known L1 retrotranspositional activity. Three species
were chosen as it is confirmed that they have

transpositionally active L1 elements: Human (Homo sapiens),
mouse (Mus musculus), and dog (Canis familiaris), and an
additional three species were selected as it has been suggested
that they have transpositionally inactive L1 elements: Black
flying fox (Pteropus alecto), Large flying fox (Pteropus
vampyrus), and the ground squirrel (Spermophilus tridecem-
lineatus). As sequenced mammalian genomes with suggested
L1 inactivation are rare, both available megabat species were
included, despite being part of the same genus (Pteropus).

To find transposititonally active L1s in the Tasmanian devil
genome, all L1s longer than 6,000 nt were extracted from the
genome. By extracting and analyzing only those elements that
were masked as L1, we avoided any potential bias by targeting
specific L1 subfamilies. Marsupial L1 elements have not been
subject to any detailed subfamily analysis as has been done
with placental mammalian L1 elements earlier (Smit et al.
1995), and in particular Australian marsupial L1 subfamilies
(i.e, tammar wallaby and Tasmanian devil) are poorly char-
acterized. The longest L1 elements in the Tasmanian devil
genome were all identified as L1-1_SH elements (Jurka
2011a), and these copies were analyzed for the presence of
stop-codons, conservation, and TSDs. ORFs were identified by
aligning homologous ORF1 from L1-1_ME (tammar wallaby)
and ORF2 sequences from L1-1_MD (opossum) to the L1-
1_SH consensus sequence (Jurka 2011a).

All L1 ORFs are inactivated by frameshifts, nonsense mu-
tations, and indels in the Tasmanian devil genome. Screening
of both Tasmanian devil genome assemblies (WTSI_Devil_ref
v7.0 and Devil_CABOG_asm.06) revealed the same L1 pat-
tern. Similarly, L1-1_MDs with two intact ORFs from the
opossum genome were extracted and analyzed.
Conservation plots were based on ORF2 alignments from
L1-1_SH and L1-1_MD using the EMBOSS software plotcon
(Rice et al. 2000). Overall mean sequence distances of the 17
L1-1_SH copies and the 29 L1-1_MD copies were calculated
using MEGAS (Tamura et al. 2011). This estimates the mean
distance among a group of sequences and not the pairwise
distance to L1-1_SH. The pairwise distance for the individual
17 copies to the L1-1_SH consensus sequence was calculated
with MEGA5 (Tamura et al. 2011). A phylogenetic tree of
ORF2 from the 17 L1-1_SH copies and the L1-1_SH consensus
sequence was made using ML in TreeFinder (Jobb et al. 2004).
The best suited evolutionary model was calculated using
ModelProposer to be GTR:G5 (Jobb et al. 2004) and the
data set consisted of 4,234 nt. The opossum (L1-1_MD) and
tammar wallaby (L1-1_ME) ORF2 sequences were used as
outgroups for the L1-1_SH copies. The scaffold name is
used as identifier for each L1 copy (supplementary table S1,
Supplementary Material online) and the pairwise distances
for each individual copy to the consensus sequence L1-1_SH
is listed next to the name (supplementary fig. S7,
Supplementary Material online).

The use of short read data for genome assembly can result
in sequence artifacts, especially for genomes containing high
amounts of repetitive sequences (Treangen and Salzberg
2011). In order to evaluate whether short read data can as-
semble repetitive sequences such as L1, we screened the
panda genome (Ailuropoda melanoleuca) (Li et al. 2010) for
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potential functional L1 copies (i.e, those copies containing
two functional ORFs). The panda genome was sequenced and
assembled, using approximately 52-nt-long reads and mate-
pair library sequencing (Li et al. 2010). Another approach to
screen a genome for active L1s is to investigate the sequence
conservation of the 3'-UTR between different L1 copies
(Wang and Kirkness 2005). Due to the mechanism of L1
retrotransposition, most L1 insertions are 5'-truncated (fig.
2). Recent L1 retrotransposition events should be detectable
by a high frequency of highly similar 3’-ends (Wang and
Kirkness 2005). The assembly of L1 3'-ends is less problematic
due to the short length and for Sanger sequenced genomes,
the entire 3’-UTR and part of the genomic flank can be cov-
ered by one single read. We extracted all L1-1_SH 3’-ends (200
and 500 nt) from the Tasmanian devil genome and removed
those copies that had ambiguity characters. The sequences
were clustered using DNACLUST (Ghodsi et al. 2011) at dif-
ferent similarity cut-offs to determine the number of se-
quences with similarities at 100-96%. The percentage of
similarity among these copies was calculated between 100%
and 96%. The same analysis was done for the panda genome
using the youngest L1 consensus sequence (L1-1_AMe).

HMM Search for RT Encoding Regions

Two different HMM patterns were constructed to search for
RT sequences in each of the genomes. The first HMM pattern
was based on 268 RT domain sequences from the Gypsy
Database 2.0 (Llorens et al. 2011). A second, non-LTR
retrotransposon-specific HMM pattern was created for
ORF2 sequences from L1, L2, L3, RTE, and Penelope elements.
To minimize computational time, all ORFs longer than 300 aa
in the Tasmanian devil and opossum genomes were screened
with the HMM profiles using HMMER3 (Eddy 2011). The
resulting ORFs identified by the HMM patterns were ex-
tracted from the opossum and Tasmanian devil genomes
and the sequences were masked using Repeatmasker (Smit
et al. 1996) using the Mammalia library. The copy number of
the RT-derived sequences was plotted against length.

Search for Recently Integrated SINEs in two
Tasmanian Devil Genomes

Retrotransposition events can be detected by pairwise align-
ment between two closely related individuals. Recent retro-
transposon insertions will be present in one genome and
absent from the other. This method was used to identify
recently integrated WSINE1 loci by aligning a masked
Tasmanian devil genome (Murchison et al. 2012) to an un-
masked Tasmanian devil genome (Miller et al. 2011). We then
aligned flanking sequences (500 nt) to identify orthologous
WSINET insertions between the two genomes. Pairwise align-
ments of insertions and genomic flanks were performed using
the needle program from the EMBOSS package (Rice et al.
2000). All pairwise alignments were screened for gaps using a
custom PERL script. In addition, a custom PERL script was
used to calculate the number of identical full-length WSINE1s
in the Tasmanian devil genome and the number of identical

1280

full-length ~ SINE1_Mdos  (supplementary  fig.  S3,
Supplementary Material online) in the opossum genome.

Cell Culture, DNA, and RNA Isolation

The marsupial cell line SC-11 (Sminthopsis crassicaudata)
from ECACC was grown to confluence in T-75 flasks in
Dulbecco’s modified Eagle’s media supplemented with 10%
FCS at 37°C with 5% CO, and 80% humidity. RNA was iso-
lated using the RNeasy Mini kit (Qiagen) and the samples
were DNasel treated prior to cDNA amplification. Genomic
DNA was isolated from tissues of different marsupial species
(supplementary table S5, Supplementary Material online)
using a standard phenol-chloroform method (Sambrook
and Russell 2001). Touchdown PCR was used to amplify
intron, retrotransposon, or DNA transposon sequences with
specific primers from genomic DNA using Taq polymerase
(VWR) unless stated otherwise. The amplicons were se-
quenced using a BigDye terminator sequencing kit 3.1
(Applied Biosystems, Foster City, CA) and analyzed with an
ABI 3730 DNA Analyzer (Applied Biosystems).

Phylogenetic Reconstruction of Dasyuromorphia
Based on Retrotransposon Insertions

Exon-based primers were designed using the Tasmanian devil
genome sequence spanning 158 introns, which were either
containing retrotransposons (WSINE1, WALLSI1, L1-1_SH) or
not including any retrotransposon sequences. The introns
were experimentally investigated in eight dasyuromorphian
species representing each of the major subfamilies (supple-
mentary tables S5 and S6, Supplementary Material online).
The WSINE1, WALLSI1, and L1 elements were chosen, based
on transposition-in-transposition (TinT; Churakov et al. 2010)
analysis, which identified them as the youngest elements in
the Tasmanian devil genome (Nilsson et al. 2012). WALLSI2 is
specific to the Australian order Diprotodontia and is not
present in the Tasmanian devil genome (Nilsson et al.
2012). The introns were amplified using touch-down PCR
and the resulting products were inspected on an agarose
gel. Introns that yielded different sized PCR products, across
species, were sequenced directly or cloned into the TA-vector
pDRIVE (Qiagen). The resulting sequences were manually
aligned using Se-Al (Rambaut 2002). We then assessed the
value of potentially informative phylogenetic markers by in-
specting the type and orientation of retrotransposon inser-
tions, presence of TSDs, and the homology of the flanking
introns and flanking exons. If the integrity of the flanks and
TSDs could not be confirmed, the marker was discarded. In
special cases where the element was obviously deleted in a
species that was far from the point of insertion in the phy-
logeny (indicated by a missing part of the flank or both TSDs),
it was denoted as a deletion event (D) (supplementary table
S2, Supplementary Material online). The markers were plot-
ted on a previously established (Meredith et al. 2008; Nilsson
et al. 2012) phylogenetic tree of Dasyuromorphia (fig. 4). To
provide statistically significant support for the investigated
branches, at least three independent retrotransposon inser-
tions were required (Waddell et al. 2001).
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Evolutionary Investigation of DNA Transposons in
Australian Marsupials

To investigate DNA transposon activity in the Tasmanian
devil and opossum genomes, all DNA transposon sequences
longer than 1,500 nt were extracted from the premasked
genomes using a PERL script. To target recently active full-
length DNA transposons, a cut-off value of 1,500 nt was
chosen. The extracted DNA transposon sequences were
grouped according to type and aligned using MAFFT
(Multiple  Alignment using Fast Fourier Transform).
GETORF (EMBOSS; Rice et al. 2000) was used to identify
OREFs for all six reading frames in the DNA transposon se-
quences. The nucleotide distance was estimated using ML
applying gamma correction with MEGA5 (Tamura et al.
2011). We investigated the phylogenetic distribution of the
hAT (hobo/Ac/Tam3) DNA transposon OposCharlie1_Das
(Gilbert et al. 2013; RepBase ID hAT-2) among marsupials.
We performed PCR amplification of a 533-nt-long fragment
in eight dasyuromorphians and nine species from three other
Australian  orders,  (Diprotodontia  (five  species),
Peramelemorphia (three species), Notoryctemorphia (one
species) as well as the South American opossum
(Monodelphis domestica) and North American opossum
(Didelphis virginiana).

cDNA was generated from total RNA isolated from the fat-
tailed dunnart (Sminthopsis crassicaudata) cell line SC-11
using the Two-step Long Range cDNA kit (Qiagen). The
ORF coding for OC1 transposase was amplified through
RT-PCR with four different primers (supplementary table
S7, Supplementary Material online) specific for the ORF
using rTAQ DNA polymerase (TAKARA). The primer located
in the 5'-terminal region of the transposase-coding ORF
started with the ORFs ATG start codon, whereas the
primer located in the 3'-region was located 10 nt upstream
of the stop codon (supplementary table S7, Supplementary
Material online). The 1,909-nt product was cloned into the
TOPO TA vector, and 12 clones were sequenced from the fat-
tailed dunnart. The resulting transposase sequences were in-
spected for ORFs using GETORF (Rice et al. 2000).

The Tasmanian devil and fat-tailed dunnart transposase
sequences were aligned with other mammalian and reptile
OC1 sequences and their relationships were analyzed using an
ML approach in TREEFINDER (Jobb et al. 2004). An evolu-
tionary model was selected using the ModelProposer function
in Treefinder. We screened for the presence of the hAT-
1_MEu transposon using a 611-nt-long fragment (supple-
mentary table S7, Supplementary Material online) in the
same 19 species as the OC1 DNA transposon.

Data Access

The sequences for each of the 18 introns containing
phylogenetically informative retrotransposon insertions are
deposited in GenBank under the accession numbers:
LM651251-LM651362. All sequence alignments are available
as supplementary data set S1, Supplementary Material online.

Supplementary Material

Supplementary data sets S1 and S2, tables S1-S7, and figures
S1-S7 are available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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