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An extraordinary retrotransposon family encoding

dual endonucleases
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Retrotransposons commonly encode a reverse transcriptase (RT), but other functional domains are variable. The
acquisition of new domains is the dominant evolutionary force that brings structural variety to retrotransposons.
Non-long-terminal-repeat (non-LTR) retrotransposons are classified into two groups by their structure. Early
branched non-LTR retrotransposons encode a restriction-like endonuclease (RLE), and recently branched non-LTR
retrotransposons encode an apurinic/apyrimidinic endonuclease-like endonuclease (APE). In this study, we report a
novel non-LTR retrotransposon family Dualen, identified from the Chlamydomonas reinhardtii genome. Dualen encodes
two endonucleases, RLE and APE, with RT, ribonuclease H, and cysteine protease. Phylogenetic analyses of the RT
domains revealed that Dualen is positioned at the midpoint between the early-branched and the recently branched
groups. In the APE tree, Dualen was branched earlier than the I group and the Jockey group. The ribonuclease H
domains among the Dualen family and other non-LTR retrotransposons are monophyletic. Phylogenies of three
domains revealed the monophyly of the Dualen family members. The domain structure and the phylogeny of each
domain imply that Dualen is a retrotransposon conserving the domain structure just after the acquisition of APE.
From these observations, we discuss the evolution of domain structure of non-LTR retrotransposons.

[Supplemental material is available online at www.genome.org and http://www.biol.s.u-tokyo.ac.jp/ users/animal/
kojima/sequence.html. The following individuals and institute kindly provided reagents, samples, or unpublished
information as indicated in the paper: M. Hirono, M. Kurosawa, K. Sonoike, and the US Department of Energy Joint

Genome Institute.]

Retrotransposons are mobile genetic elements found in a wide
range of eukaryotes (Arkhipova and Meselson 2000). Retrotrans-
posons have a reverse transcriptase (RT) in common, but other
functional domains are quite variable. Retroviruses are consid-
ered to be retrotransposons that have acquired a domain for ex-
tracellular function (Malik et al. 2000). The acquisition of new
domains has provided variable life styles to retroelements. Non-
long-terminal-repeat (non-LTR) retrotransposons are one major
group of retrotransposons and are considered to be the ancestors
of long-terminal-repeat (LTR) retrotransposons and retroviruses
(Malik and Eickbush 2001). Non-LTR retrotransposons are clas-
sified into two groups by their structure (Malik et al. 1999; Yang
et al. 1999). The early branched non-LTR retrotransposons, such
as the insect R2, include only one open-reading-frame (ORF) en-
coding an RT and a restriction-like endonuclease (RLE). In con-
trast, the recently branched non-LTR retrotransposons, such as
the human L1 (long interspersed nuclear element-1, LINE-1), in-
clude two ORFs, and the second ORF encodes an RT and an apu-
rinic/apyrimidinic endonuclease-like endonuclease (APE). Sev-
eral families of the recently branched non-LTR retrotransposons
have only the second ORF. Several recently branched non-LTR
retrotransposons, such as the I and the TRAS families, have a
ribonuclease H (RNH) domain immediately after the RT domain,
similar to LTR retrotransposons. The RT domain is the only com-
mon structure among all non-LTR retrotransposons (see Fig. 7B,
below).
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The existence of the endonuclease domain is the most re-
markable feature of non-LTR retrotransposons when compared
with LTR retrotransposons, which use integrases, but not endo-
nucleases for genome integration. Endonuclease defines a trans-
position mechanism peculiar to non-LTR retrotransposons that is
called target-primed reverse transcription (TPRT). In the nucleus,
endonuclease nicks the target DNA, and the free 3'-hydroxyl end
of DNA is used as primer for reverse transcription. This contrasts
with LTR retrotransposons and retroviruses that use tRNA as
primer and are reverse transcribed in the cytoplasm. LTR retro-
transposons and retroviruses import their cDNA into the
nucleus, and integrate it into the genomic DNA by integrases.
Both non-LTR retrotransposons with RLE, and those with APE,
were shown to transpose by TPRT (Yang et al. 1999; Cost et al.
2002). Inactivation of endonuclease dramatically reduces the
transposition efficiency of non-LTR retrotransposons (Feng et al.
1996; Takahashi and Fujiwara 2002). Because all early branched
non-LTR retrotransposons have an RLE and all recently branched
retrotransposons encode an APE, it is certain that non-LTR ret-
rotransposons once exchanged their endonuclease type from RLE
to APE. Until now, however, we did not have any evidence for
this evolutionary event.

In this study, we report a novel non-LTR retrotransposon
family that encodes both RLE and APE. These elements, which
we named Dualen, are positioned phylogenetically at the mid-
point between the early branched group and the recently
branched group. In addition, Dualen also encodes an RNH do-
main after the RT domain. We discuss the origin and the evolu-
tionary implication of the extraordinary domain structure of
Dualen.
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Results and Discussion

Dualen, a new family of non-LTR
retrotransposons, has dual endonuclease
domains and ribonuclease H

While we screened early branched non-
LTR retrotransposons from genomic da-
tabases (Kojima and Fujiwara 2004),
we identified a novel non-LTR retro-
transposon which was apparently dis-
tinct from other non-LTR elements, in
the Chlamydomonas reinhardtii genomic
database at the US Department of
Energy Joint Genome Institute (JGI,
http://aluminum.jgi-psf.org/prod/bin/
runBlast.pl?db=chlrel/). This novel
retrotransposon (DualenCr1) (Fig. 1A)
encodes an ORF longer than 9 kb. BLAST
analysis of the protein sequence of
DualenCrl to conserved domain data-
base (CDD) (Marchler-Bauer et al. 2003)
at NCBI revealed that it includes four
domains, namely, josephin (E-value
0.002), apurinic/apyrimidinic endo-
nuclease-like endonuclease (APE, E-
value 2e-13), reverse transcriptase (RT, E-
value 6e-14), and ribonuclease H (RNH,
E-value 4e-5). Since the similarity be-
tween josephin domains and DualenCr1
is weak, we further analyzed the signifi-
cance of this similarity (discussed later).
We manually characterized an addi-
tional two domains by alignment with
other non-LTR retrotransposons, CCHC
zinc-finger motif (ZF) and restriction-
like endonuclease (RLE) (Fig. 1A). We
named this non-LTR retrotransposon
family Dualen, because it encodes dual
endonucleases, APE and RLE, each of
which is specific to the early branched
and the recently branched non-LTR
retrotransposons, respectively. RT and
ZF were reported in both the early
branched and the recently branched
non-LTR retrotransposons. RNH was
shown in only some recently branched
non-LTR retrotransposons (see Fig. 7B,
below).

It was shown that Dualen consti-
tuted a family including several ele-
ments that have the same protein do-
main composition, but their nucleotide
sequences were less conserved. From the
C. reinhardtii genomic database, we iden-
tified three complete Dualen elements
(DualenCr1, DualenCr3, DualenCr4)
and one related element (DualenCr2),
which has 5'-truncation because of par-

tial sequencing and/or incomplete retrotransposition (Fig. 1A).
We also found two Dualen elements (DualenU1 and DualenU2)
from an unassembled Arabidopsis thaliana HTGS (high-
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Figure 1. Characterization of Dualen. (A) Structure of six Dualen elements. Motifs and domains are
schematically shown as boxes. The numbers of identified 3'-ends and target site duplications (TSDs) are
listed at right. Primers used for PCR (B) are shown as arrowheads, and regions used for probes in Southern
hybridization (C) are shown as bold lines below the structure. (JCP) Josephin-related cysteine protease;
(APE) apurinic/apyrimidinic endonuclease-like endonuclease; (RT) reverse transcriptase; (RNH) ribo-
nuclease H; (ZF) zinc-finger motif; (RLE) restriction-like endonuclease. (B) Confirmation of the existence of
Dualen elements by PCR. Primers used for PCR and expected sizes of PCR products are as follows: (lanes
1,2) DualenCr1_F2 and DualenCr1_R1, 8740 bp; (lanes 3,4) DualenCr2_F2 and DualenCr2_R1, 1659 bp;
(lanes 5,6) DualenCr3longF1 and DualenCr3longR1, 9233 bp; (lanes 7,8) DualenCr4longF1 and
DualenCr4longR1, 10,075 bp; (lanes 9,70) DualenCr4longF1 and DualenCr4longR3, 4940 bp; (lanes
11,12) DualenCr4longF3 and DualenCr4longR1, 5701 bp; (lanes 13,714) DualenAt1_F1 and
DualenAt1_R1, 610 bp; (lanes 15,76) DualenAt1_F2 and DualenAt2_R2, 462 bp; (lanes 17,18)
DualenAt2_F and DualenAt2_R, 467 bp; (lanes 19,20) Atrpb1F and Atrpb1R, 707 bp. Primers used for PCR
are listed in Supplemental Table 1. (C) Southern hybridization. Probes are shown in A. (E) EcoRl; (B) Bglll;
(H) Hindlll. (D) Diagrams of spliced antisense RNAs. Exon-intron boundaries of antisense RNAs are
shown below. Exon sequences are in uppercase and boxed, while intron sequences are in lowercase.

throughput genomic sequence) (accession no. AC109923). How-
ever, there were no corresponding sequences for the two Dualen
elements in the A. thaliana complete genome sequence database.
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AC109923 was derived from a BAC clone of the strain Colombia.
This strain was also used for the genome sequencing project (Ara-
bidopsis Genome Initiative 2000).

To investigate whether the Dualen elements truly exist in
the genome of C. reinhardtii and A. thaliana, and to exclude the
possibility of assembly error, we tried to detect genomic copies of
the Dualen elements by polymerase chain reaction (PCR) (Fig. 1B).
We designed primer pairs to amplify almost full-length Dualen
elements (Fig. 1A, arrowheads). The PCR bands of DualenCrl,
DualenCr2, and DualenCr3 were detected with the expected sizes
(Fig. 1B, lanes 1, 3, and 5), suggesting that these Dualen elements
exist in the C. reinhardtii genome. As we could identify only a
fragmental DualenCr2 sequence from the genomic database and
by PCR, it is uncertain whether complete DualenCr2 copies exist
in the C. reinhardtii genome.

We could not amplify the PCR product corresponding to the

full-length DualenCr4 (Fig. 1B, lane 7). We reconstructed the
full-length DualenCr4 using two scaffold sequences, scaffold 255
and scaffold 581. Scaffold 581 corresponds to 1-5382 bp and
scaffold 255 corresponds to 2596-10,346 bp of the reconstructed
DualenCr4. However, scaffold 581 contains only a 5’-half of Dua-
lenCr4. The Dualen copy in scaffold 581 is 3’-truncated. There
are no other 5'-half sequences of DualenCr4 in the C. reinhardtii
genomic sequence database at present (the draft release version
2.0 of the Chlamydomonas reinhardtii genome at JGI). We de-
signed two sets of primers to amplify two overlapping regions,
the region 190-5129 bp (Fig. 1A, DualenCr4 [B]) and the region
4564-10,264 bp (Fig. 1A, DualenCr4 [C]). We could amplify these
two overlapping PCR products at the expected sizes (Fig. 1B,
lanes 9 and 11). These data indicate that there are 5'-truncated
and 3'-truncated copies of DualenCr4 in the C. reinhardtii ge-
nome, but there is no full-length DualenCr4 copy.

Table 1. Target site duplications (TSDs) of the Dualen elements

5" TSD Element (5'-3")? 3’ TSDP
DualenCr1 7 TSDs
ATTGCGGGTGTC TTCAT...GTAGAtattattattattatt attGCGGGTGTC
TGTCAACCATGTC CCCAG. ..GTAGAtattattattattttt TGTCAACCATGTC
GGGGTG AGCTT...GTAGAtattatttcatca GGGGTG
TGTAGCAAGT TATGG. ..GTAGAtattattattattattat tGTAGCAAGT
CCGTGGAGCTGCC TGGTG. ..GTAGAtattattattattatt CCGTGGAGCTGCC
CTACCGTCCTCCTCG ATGGT...GTAGAtattattattatta CTACCGTCCTCCTCG
TTCTCCA TCCGT...GTAGAtattattattatta ttCTCCA
DualenCr2 15 TSDs
CATCTGGATGAC TCTAC...GTGTCtctatttctatttctattt CATCTGGATGAC
TTCACTCTGCCTGG TCGTG. ..GTGTCtctatttctatttctat ttcACTCTGCCTGG
CAGCCTGCCTGT ATTGC...GTGTCtctatttctatttctattt CcAGCCTGCCTGT
TACAGCTAGAT TCACA...GTGTCtctatttctatttctattte taCAGCTAGAT
CGTGGTGAGGT AGTGG. . .GTGTAtctatttctatttctattt CcGTGGTGAGGT
TCACTCGCCTGGT CGGTA. ..GTGTAtctatttctatttctatt tcACTCGCCTGGT
CCCGGTT GCTCG. ..GTGTAtctatctctatttctattett CCCGGTT
CAAACAATATCAC GCTCG. ..GTGTAtctatttctatttctatttct CAAACAATATCAC
TTCCAGATATTC GGTAG. ..GTGTGtctatttctatttctgt ttcCAGATATTC
TGCGCGCCACCG GTAAT...GTGTCtctatttctatttctattct TGCGCGCCACCG
CTAAACTTGTGGAT GCTCG. ..GTGTAtctatttctatttctattt ctaAACTTGTGGAT
TTTGGTTGGGCT GAGTG. . .GTGTAtctatttctatttctatgt TTTGGTTGGGCT
TTGCTCTTTGC CTCGG. . .GTGTAtctgttttctatttecctatt £TGCTCTTGC
TACCGTGTG CCTGG. ..GTGTCtctatttctatttctattte taCCGTGTG
CGCCCTGCTGACCACTTGCCT GCCTG. ..GTGTAtctatttctattt cGCCCTGCTGACCACTTGCC
GCCACTCCACCGTGCTG TGCCACTCCACCGTGCTG
DualenCr3 5 TSDs
TTGCCACCGTTGTAG ACATT...TTTGAattattattatta ttGCCACCGTTGTAG
TGCAACTGCG GTTAC...TTTGAattattattattatta tGCAACTGCG
ATCAGCAACAGCAGCA CTGCC...TTTGAattattattattatt atCAGCAACAGCAGCA
TTCTTGCGGTCAGG ATCCT...TTTGAattattattatta ttCTTGCGGTCAGG
CCCTATGAAACACCA CAGCT...TTTGAattattattatcat CCCTATGAAACACCA
DualenCr4 6 TSDs
CCATCTACAAGATACCGGTAC CGAAG...ACC-Attattattattatta CCATCTACAAGATACCGGTA
GGTACTGCACCGGGTGCCGTC CGGTACTGCACCGGGTGCCG
CGG TCCGG
TTGCCCAGGACC AACCG. ..AAC-Attaatatta £ tGCCCAGGACC
CTCCTGCTCCTGCT CAGCG. ..ACC-Attatcattattattattattat CTCCTGCTCCTGCT
TGCTGGACC ATGCG. . .ACCTAttattattattat EGCTGGACC
TCACAGCCCCAA TTTGG. . .ACCTAttattattatca tCACAGCCCCAA
TGACGCACAGGT GCAGG. ..ACCTAttattattattattta TGACGCACAGGT

#3’-terminal repeats are shown in lowercase.

PNucleotides that can be interpreted as either 3'-terminal repeats or TSDs are in lowercase.

1108 Genome Research
www.genome.org



Retrotransposon encoding dual endonucleases

We could not detect either the PCR products for the two
proposed Dualen elements (DualenU1 and DualenU2) in the
A. thaliana genome (Fig. 1B, lanes 13, 15, and 17). The PCR prod-
uct for the RNA polymerase II (rpb1) gene, which is a single-copy
gene in the A. thaliana genome and used as positive control,
could be amplified (Fig. 1B, lane 19). The most probable expla-
nation is that the two Dualen elements found in AC109923 origi-
nated from a contaminating organism, not from the A. thaliana
genome. We also searched other genomic databases, including
arthropods, chordates, plants, fungi, and protozoan parasites,
but we could not find any other Dualen elements. At present,
there are very little genomic sequences other than C. reinhardtii
in green algae. Thus, it is possible that other green algae, such as
Volvox and Chlorella, have Dualen elements on the genome. The
six Dualen elements identified here hold the same domain struc-
ture in common (Fig. 1A). The similarity throughout ORF among
Dualen elements indicates that they were branched from the
common ancestral retrotransposon that had the same structure
as Dualen, and that the structure of Dualen is a functional unit
for retrotransposition, not a “nonfunctional” chimera of two
non-LTR retrotransposons.

Genomic structures of Dualen indicate the recent activity
for retrotransposition

We performed Southern hybridization for further characteriza-
tion of Dualen in the C. reinhardtii genome (Fig. 1C). We could
observe at least three separate bands below a mass at high mo-
lecular weight when Cr1-5" was used as a probe, 14 bands with
Cr1-3’, seven bands with Cr2, 12 bands with Cr3, and three bands
with Cr4. Similar intensity of several bands indicates that each of
them represents a single copy. We calculated the copy number of
each Dualen element using densitometry. The whole-copy num-
ber of DualenCr1, which was indicated by Southern hybridiza-
tion with Cr1-3’, was calculated at about 50, and the full-length
DualenCrl was calculated at five to 10 copies. Since non-LTR
retrotransposons are frequently truncated at the 5'-terminus be-
cause of incomplete reverse transcription, the copy number of
the 3'-region is higher than that of the 5'-region. Actually, there
were more bands when the 3’-region of DualenCr1 (Cr1-3') was
used as a probe than when the 5'-region of DualenCr1 (Cr1-5')
was used as a probe. The whole-copy numbers of DualenCr2 and
DualenCr3 were presumed ~60 (Fig. 1C). The copy number of the
5'-region of DualenCr4 was three, all of which were visible in
Southern hybridization (Fig. 1C). We concluded that these bands
represent 3’-truncated copies, combining with the results of long
range PCR (Fig. 1B).

To obtain further genomic information of Dualen, such as
copy number, target sequence preference, and the length of tar-
get-site duplication (TSD), we searched Dualen copies from the
genomic database. We identified 28 copies of DualenCr1, 26 of
DualenCr2, 27 of DualenCr3, and 25 of DualenCr4 from the
C. reinhardtii genomic database (Fig. 1A), all of which integrated
into different sequences (data not shown). These copy numbers
are consistent with the results of Southern hybridization. We also
identified several target-site duplications (TSDs) of all four Dua-
len elements in C. reinhardtii (Table 1). The existence of TSDs
shows that dual endonucleases function for nicking the target
sites, since endonuclease-independent transposition events do
not make TSDs (Morrish et al. 2002). Because ancient copies of
retrotransposons and TSDs are subject to accumulation of muta-
tions, which makes it difficult to distinguish TSDs, the existence

of recognizable TSDs at both sides of retrotransposons supports the
recent retrotransposition activity. DualenCr4 seems to be inactive
now as described above, but the existence of several TSDs with-
out any mutations indicates that DualenCr4 was active recently.
We observed frequent 5'-truncations, variable length of 3’-terminal
repeats (TTA or TCTATT; mainly 10-25 bp), and relatively long
TSDs (mainly 10-15 bp), all of which are common features of non-
LTR retrotransposons, suggesting that Dualen transposes according
to the TPRT mechanism like other non-LTR retrotransposons. There
is neither clear sequence similarity nor consensus sequence up-
stream from TSDs among target sequences (Table 1), which indi-
cates that Dualen has no sequence specificity. Both the early
branched and the recently branched groups contain sequence-
specific and nonsequence-specific non-LTR retrotransposons
(Kojima and Fujiwara 2003, 2004). In conclusion, we could not
judge the activity of RLE and APE based on the target sequence.

Antisense RNA of Dualen is transcribed and spliced

We next investigated the transcription of Dualen using the EST
(expressed sequence tags) database. BLAST search to EST data-
bases at NCBI revealed the transcription of all Dualen elements in
C. reinhardtii. We identified 22 (DualenCr1), two (Cr2), six (Cr3),
and 12 (Cr4) EST clones that showed >90% nucleotide identity
throughout the sequences (Table 2). To our surprise, we found
spliced antisense transcripts of DualenCr1 and DualenCr4 in EST
sequences (Table 2; Fig. 1D). Spliced antisense transcripts of non-
LTR retrotransposons have been reported only in Tad, a non-LTR
retrotransposon of Neurospora (Sewell and Kinsey 1996). We char-
acterized seven introns in antisense DualenCr1 and six introns in
antisense DualenCr4 (Fig. 1D). The spliced antisense transcripts
of DualenCrl and DualenCr4 have no sequence similarity to
each other. They contain no long ORFs. The function of spliced
antisense transcripts is unknown, but it is possible that they serve
a regulatory role.

Dualen is an intermediate retrotransposon between
RLE-encoding and APE-encoding retrotransposon groups

Because Dualen has both an RLE domain that is considered to be
specific for the early branched non-LTR retrotransposons and an
APE domain that is considered to be specific for the recently
branched retrotransposons, we analyzed the phylogenetic posi-
tion of Dualen. In the Bayesian phylogenetic inference based on
the RT domains, the Dualen family is a monophyletic group po-
sitioned at the midpoint between the early branched and the re-
cently branched non-LTR retrotransposons (Fig. 2A). Malik et al.

Table 2. EST clones of Dualen

Element Accession number

DualenCr1 BI1993891, BU646135, BM002694, BU645902,
BU647193, BI728709, BG854433, BI875335,
BM002695, BI728708, BI875545, BU647852,
BM002198, BU647192, AV628877, BM002199,
AV627144

(spliced antisense transcripts) BI724416, AV629322,

BE337758, AV641246, AV641941

DualenCr2 BE441359, BU650121

DualenCr3 BU654516, BU654235, BE352316, BU654236,
BE352323, BU647532

DualenCr4 BM003214, BI994690, BI995499, BG860704

(spliced antisense transcripts) BM003215, BI997140,
BI720006, BI720007, BG860705, BI718488,
BG856815, AV635046
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(1999) proposed the use of the term
“clade” to represent non-LTR retrotrans-
posons that (1) share the same struc-
tural features, (2) are grouped together
with ample phylogenetic support, and
(3) date back to the Precambrian era.
The Dualen family satisfies these three
points; thus, we propose the Dualen
clade including only the Dualen family.
Eickbush and Malik (2002) also pro-
posed an additional classification
scheme “group,” in which the various
clades are grouped on the basis of both
the phylogenetic relationship and the
nature and arrangement of their pro-
tein domains. In their classification, the
Dualen family also composes a distinct
group.

Figure 2B shows the 50% consensus
phylogenetic trees of 15 clades. It was
reported that bootstrap proportions and
Bayesian posterior probabilities cannot
be directly compared (Douady et al.
2003). The topologies of the Bayesian in-
ference tree and the Neighbor-Joining
(NJ) tree are basically consistent. We pre-
viously reported that the HERO family
belongs to the NeSL clade (Kojima and
Fujiwara 2004), and Bouneau et al.
(2003) (in their paper, HERO was named
Zebulon) also reached the same infer-
ence, but the HERO family is positioned
at internal of the R2 clade in the
Bayesian tree. The clade branching just
before the Dualen clade is the R4 clade,
and the clade branching just after the
Dualen clade is the L1 clade. The R4
clade elements have an RT and an RLE,
and the L1 clade elements have an APE
and an RT (see Fig. 7B, below). Thus, the
domain structure of Dualen is consistent
with the phylogenetic position.

Malik et al. (1999) showed that the
“thumb” region of the RT domain ap-
pears to be divided into two subtypes,
CRE/R2/R4/L1/RTE (corresponding to
the R2, the L1, and the RTE groups) and
Tad/R1/LOA/Jockey/CR1/I (the I and the
Jockey groups). However, the mono-
phyly among the RTE and the latter
group was highly supported in their
study and in our analysis (98% in the
Bayesian tree and 84% in the NJ tree; Fig.
2B). The RT phylogeny clearly shows
that the Dualen group is grouped with
the R2 and the L1 groups, neither with
the RTE group nor with the I and the
Jockey groups. Thus, we propose that
the RT domains of non-LTR retrotrans-
posons are classified into three subtypes,
the eldest subtype (the R2, the Dualen,
and the L1 groups), the middle-aged sub-
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Phylogenetic analyses of reverse transcriptase (RT). (A) The Bayesian phylogenetic infer-

ence. Posterior probabilities are indicated. Markov chain Monte Carlo (MCMC) chain length was
500,000 generations with trees sampled every 10 generations; the first 3300 trees were discarded as
burn-in. (B) The 50% consensus trees of the Bayesian inference and the Neighbor-Joining methods.
Retrotransposons belonging to the same clade are compressed. Posterior probabilities (Bayesian infer-
ence) and bootstrap values (Neighbor-Joining) are indicated as a percentage. HERO is not recognized
as clade, but treated independently here due to its indefinite position. The sources of sequences in the
L1, R4, HERO, R2, NeSL, CRE, and Genie/Gil clades are given in our previous study (Kojima and
Fujiwara 2004). Others are given in the report by Malik et al. (1999). The alignment used to generate
this tree is based on two previous alignments, ds36752 (Malik et al. 1999) and ALIGN 00231 (Burke
et al. 2002), and available as Supplemental Figure 1.
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type (the RTE group), and the youngest subtype (the I and the
Jockey groups).

Conservation of the catalytic residues in dual endonucleases
(RLE and APE) suggests that both endonucleases are
functional in retrotransposition

The most extraordinary feature of Dualen is its dual endonucle-
ase domains. We identified the complete RLE of five elements
except DualenU2 (Fig. 3). The K/R-P-D-X,,_,o-D/E motif is con-
served among all early branched non-LTR retrotransposons as
well as among the type IIS restriction enzymes such as Fokl (Yang
et al. 1999). The P-D and D/E residues are essential for the endo-
nuclease activity of the type IIS restriction enzymes (Waugh and
Sauer 1993), and the former D residue was also reported to be
essential for endonuclease activity of two early branched non-
LTR retrotransposons, R2Bm and EhLINE1 (Yang et al. 1999;
Mandal et al. 2004). These essential residues for cleavage activity
of RLE are also conserved among the Dualen elements (Fig. 3,
indicated by asterisks). Among the early branched non-LTR
retrotransposons, two additional motifs are conserved in the RLE
region. One is an upstream K/R-H-D/N motif and the other is a
downstream K/R-X,-K/R-Y motif. These motifs are peculiar to
RLEs of non-LTR retrotransposons. In Dualen, the downstream
motif is changed to K-X,-Q-H (Fig. 3). Q, K, and R have an amino
group (-NH,) or a guanidinium group (-NH-C(NH,),") at the ter-
minus of their side chains. H and Y are aromatic amino acids.
Considering the similarity of the features of these amino acids,
the substitutions at this motif would have minor effects. The
conservation of catalytic residues and substitutions on some con-
served residues indicate that the endonuclease activity of the
RLE domain of Dualen could be weakened, but is not lost. There
is another possibility that the substituted residues only reflect
Dualen-specific mutations and do not change the endonuclease
activity at all. Although biochemical analyses are necessary to

DualenCr1
DualenCr2
DualenCr3
DualenCr4
DualenU1

characterize the catalytic activity of the RLE domain of Dualen
correctly, it is certain that RLEs of Dualen and of early branched
retrotransposons share the common ancestor.

With regard to APE, we identified the complete APE se-
quences in four elements (Fig. 4). All catalytic residues whose
activity was confirmed by experiments (Feng et al. 1996) are not
mutated in the Dualen elements (Fig. 4, indicated by asterisks).
However, the highly conserved triplet S-D-H is substituted to
F-D-H (DualenCr1, 3), T-D-H (DualenCr4), or L-D-H (DualenU1).
Although serine is highly conserved among the endonuclease/
exonuclease/phosphatase family (pfam03372.7), which includes
apurinic/apyrimidinic endonucleases, DNase I, and inositol-1, 4,
S-trisphosphate phosphatases, there are a few exceptions, such
as the APE domain of Zepp, an active non-LTR retrotransposon
in Chlorella, in which the triplet S-D-H is substituted to G-D-H
(Yamamoto et al. 2003). In CgT-1, a non-LTR retrotransposon in
the fungal phytopathogen Colletotrichum gloeosporioides, S-D-H
is substituted to A-D-H. Nonconserved residues are variable
among the Dualen subfamilies. This indicates that there has
been enough time to be mutated since Dualen acquired APE.
If the APE domain of Dualen was inactive, other conserved resi-
dues would be mutated. Thus, the substitution from S-D-H to
F-D-H, T-D-H, L-D-H would not eliminate the activity com-
pletely.

Although some substitutions at conserved residues are ob-
served in both RLE and APE, the conservation throughout the
domains indicates that both endonuclease activities are required
for efficient retrotransposition. Both RLE and APE were reported
to cleave the bottom (first, primer) strand (Feng et al. 1996; Yang
et al. 1999), and the top (second, nonprimer) strand (Yang et al.
1999; Anzai et al. 2001). Sequence alignments of both endo-
nucleases indicated that both endonuclease activities could be
weakened. It is possible that dual endonucleases in Dualen com-
pensate for their weakened activities to each other. Another pos-
sibility is that mutations of both endonucleases do not affect the
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Figure 3. Sequence alignments of zinc-finger motif (ZF) and restriction-like endonuclease (RLE). Five Dualen elements and representatives of five
clades of early branched non-LTR retrotransposons were aligned. Catalytic residues of restriction enzymes (Fokl and EcoRV) are also shown. Residues
conserved among all sequences are red, and residues conserved among Dualen elements are yellow. Residues conserved among other retrotransposons,
but not among Dualen elements are green. Catalytic residues are indicated by asterisks.
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Figure 4.

Sequence alignment of apurinic/apyrimidinic endonuclease-like endonuclease (APE). Four Dualen elements and representatives of four

groups of recently branched non-LTR retrotransposons, eukaryotic apurinic/apyrimidinic endonucleases (Drosophila melanogaster and Arabidopsis
thaliana), and prokaryotic exonuclease Il (Escherichia coli K12 and Synechocystis sp. PCC 6803) were aligned. Residues conserved among all sequences
are red, and residues conserved among Dualen elements are yellow. Residues conserved among other retrotransposons, but not among Dualen

elements, are green. Catalytic residues are indicated by asterisks.

endonuclease activity in the least, and the persistence of two
endonucleases is simply a result of selection for the ability to
transpose into a wide range of sequences. Even if both endo-
nucleases of Dualen had only a weak activity now, it is likely that
the common ancestor of Dualen was more active due to dual
endonucleases than retrotransposons that had a single endo-
nuclease.

The Bayesian phylogenetic inference of the APE domains is
shown in Figure 5A, and the 50% consensus trees of the
Bayesian inference and the NJ methods are shown in Figure 5B.
The APE trees have less resolution than the RT trees, because
the APE domain is smaller and less conserved than the RT
domain. The Dualen family is monophyletic like the RT phy-
logeny, but positioned internal of the recently branched
non-LTR retrotransposons. The paraphyly of the L1 clade and
that of the R1 clade are corresponding to the previous report
(Malik et al. 1999), which is contradictory to the phylogeny
of the RT domains. Since RLE is short and not well conserved,
the RLE phylogeny brought no useful information (data not
shown).

Ribonuclease H (RNH) of Dualen has the same origin
as other non-LTR retrotransposons

The other functional domain conserved among several non-LTR
retrotransposons and the Dualen family is RNH (Fig. 6A). The
RNH domains are found only in the I group (including the I, the
ingi, the R1, the LOA, and the Tad clades; see Figs. 2 and 7B),
except the Dualen family. The RNH domain of Dualen contains
five conserved catalytic D, E, D, H, D residues (Fig. 6A, asterisks)
and is more similar to cellular RNH and the RNH of non-LTR
retrotransposons than to those of LTR retrotransposons. The
RNH domain of Dualen is located distant from the RT domain,
which is quite different from other retrotransposons. The region
between the RT and the RNH domains in Dualen is about 1000
residues, with no conserved functional domain in the interval.
RNH is positioned immediately after the RT domain in all known
RNH-containing non-LTR retrotransposons, LTR retrotrans-
posons, and retroviruses (Malik and Eickbush 2001).

The Bayesian phylogenetic inference of the RNH domains is
shown in Figure 5C, and the 50% consensus trees are shown in
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Figure 5. Phylogenetic analyses of apurinic/apyrimidinic endonuclease-like endonuclease (APE), ribonuclease H (RNH), and josephin-related cysteine
protease (JCP). (A) The Bayesian phylogenetic inference tree of APE. Posterior probabilities are indicated. MCMC chain length was 150,000 generations
with trees sampled every 10 generations; the first 1000 trees were discarded as burn-in. (B) The 50% consensus APE trees of the Bayesian inference and
the Neighbor-Joining methods. Retrotransposons belonging to the same clade are compressed. Posterior probabilities (Bayesian inference) and boot-
strap values (Neighbor-Joining) are indicated as a percentage. (C) The Bayesian phylogenetic inference of RNH. MCMC chain length was 100,000
generations with trees sampled every 10 generations; the first 700 trees were discarded as burn-in. (D) The 50% consensus RNH trees of the Bayesian
inference and the Neighbor-Joining methods. (E) The Bayesian phylogenetic inference of JCP and josephin. MCMC chain length was 100,000 gen-
erations with trees sampled every 10 generations; the first 400 trees were discarded as burn-in.

Figure 5D. The Dualen family is also monophyletic in the RNH
tree. The R1 clade is not monophyletic, and the Tad clade is the
deepest branch among the I group, both of which are consistent
with the previous report (Malik et al. 1999). Since the R1 clade is
monophyletic in the RT tree, the paraphyly of the R1 clade is
possibly due to the less conservation of RNH. The Tad clade is the

sister clade of the R1 and the LOA clades in both the RT and the
APE trees. The position of the Tad clade can be also due to the less
conservation of RNH, although there is a possibility of domain
swapping. Because the RNH phylogeny is not consistent with the
RT phylogeny, we could not determine the position of RNH of
the Dualen clade.
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Figure 6. Sequence alignments of ribonuclease H (RNH) and josephin-related cysteine protease (JCP). Residues conserved among all sequences are
red, and residues conserved among Dualen elements are yellow. Catalytic residues are indicated by asterisks. (A) Alignment of RNH. Six Dualen elements
and representatives of five clades of recently branched non-LTR retrotransposons, six groups of LTR retroelements, and cellular RNH were aligned.
(B) Alignment of JCP and josephin. Five Dualen elements and representatives of the ataxin-3 family and the josephin family were aligned. Catalytic
residues of distant cysteine proteases (the human USP18, the human UCH-L1, and foot-and-mouth disease virus leader protease (FMDV_LeadP)) are also
shown. Residues conserved among ataxin-3 and josephin, but not among JCP of Dualen elements are green.

The N-terminal josephin-like domain is a cysteine protease

The upstream region of the APE domain shows weak similarity to
josephin domains, which was recently characterized in ataxin-3,
also called Machado-Joseph disease gene, and its related proteins
(Albrecht et al. 2003). Since the E-value of the BLAST search to

conserved domain database (CDD) was marginal, we performed a
PSI-BLAST search of the nonredundant database at NCBI seeded
with the putative josephin domain of DualenU1. A total of 53
sequences belonging to the ataxin-3 family and the josephin
family were found with statistical significance (E-values <E-5)
within two iterations (data not shown). We aligned the presumed
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Figure 7. Summary of domain structure of non-LTR retrotransposons.
(A) Reliable phylogeny of three conserved domains (APE, RT, and RNH)
and the existence of two domains (Gag and RLE). (B) Evolution of domain
structure of non-LTR retrotransposons. (PR) Protease; (IN) integrase.

josephin domains of Dualen with these two protein family mem-
bers (Fig. 6B). Recent studies revealed that the josephin domain
of ataxin-3 has highly conserved amino acids reminiscent of the
catalytic residues of cysteine proteases known as deubiquitinat-
ing enzymes (Scheel et al. 2003), and this activity was confirmed
experimentally (Burnett et al. 2003). Ubiquitin proteases func-
tion for editing and disassembly of polyubiquitin chains by re-
moving ubiquitin from them. Two families, ubiquitin C-terminal
hydrolases (UCHs) and ubiquitin-specific proteases (USPs), are
distant relatives of josephin domains (Burnett et al. 2003; Scheel
et al. 2003). The catalytic triads (C, H, D/N) conserved among
three families (josephin, UCHs, and USPs) are observed in the
putative josephin domains of Dualen, with the exception of
DualenCr3, in which D/N is replaced to E (Fig. 6B, asterisks).
These catalytic triads are also conserved among a wide variety of
cysteine proteases as C, H, and a polar residue (data not shown)
(Anantharaman and Aravind 2003). The putative josephin do-
mains of Dualen are substituted at many sites that are conserved
among the ataxin-3 family and the josephin family (Fig. 6B,
green). However, the putative josephin domains of Dualen have
residues conserved among wide cysteine proteases (Fig. 6B, red).
These observations support that the putative josephin domain of
Dualen is a cysteine protease related to josephin domains. Based
on the above discussion, we named the putative josephin do-
main of Dualen, josephin-related cysteine protease (JCP) do-
main. Although JCP domains have not been identified in other
non-LTR retrotransposons, another type of cysteine proteases
was reported to exist in an early branched non-LTR retrotrans-
poson NeSL-1 (Malik and Eickbush 2000). NeSL-1 encodes a cys-
teine protease similar to the yeast Ulpl (ubiquitin-like protein-
specific protease 1), which cleaves proteins from ubiquitin-like
motifs, Smt3 or SUMO-1 (Li and Hochstrasser 1999). Two retro-
transposons encode cysteine proteases related to ubiquitin pro-
teasome, which is suggestive of the interaction between ubiquitin
proteasome system and non-LTR retrotransposons. One possi-
ble function of JCP is cleaving ubiquitin chains from the ORF pro-

tein of Dualen to obstruct degradation. Otherwise, JCP processes
the polyprotein of Dualen itself, like one of its distant relatives,
foot-and-mouth disease virus leader protease (Guarné et al. 1998).
The phylogeny of the josephin and the JCP domains sup-
ports the monophyly of Dualen, as well as the josephin family
and the ataxin-3 family (Fig. SE). The origin of the JCP domain of
Dualen remains unclear, but both the josephin family and the
ataxin-3 family are identified in various organisms including ani-
mals and plants, which shows that Dualen acquired a JCP do-
main at the early stage of the evolution of eukaryotes. It is also
unclear whether this domain is a feature of ancestral non-LTR
retrotransposons or only exists in the Dualen branch.

Evolution of non-LTR retrotransposons implicated
by the extraordinary domain structure of Dualen

Figure 7A shows the reliable phylogeny of three domains, RT,
APE, and RNH, and the existence of other two less conserved
domains, Gag and RLE. The CCHC zinc-finger and RLE of the
Dualen family and the R2 group have the common structure. The
highly reliable results in phylogenetic analyses are that (1) RT of
the Dualen clade belongs to the eldest subtype including the R2
group (including the CRE, the Genie, the R2, the R4, and the
NeSL clades) and the L1 group (including only the L1 clade),
(2) APE of the Dualen clade is the outgroup of the I group (in-
cluding the I, the ingi, the R1, the LOA, and the Tad clades) and
the Jockey group (including the Jockey, the Rex1, the L2, and
the CR1 clades), and (3) RNH among the Dualen clade and the
I group is monophyletic.

There are two possible origins of each domain of Dualen,
from cellular genes or from other non-LTR retrotransposons. The
simplest event that originated the domain structure of Dualen is
that an I group element, which is the only non-LTR retrotrans-
poson group having RNH except Dualen, transposed into an R2
group retrotransposon; however, it is unlikely, because the APE
and the RT domains of Dualen are clearly phylogenetically dis-
tant from those of the I group elements.

RT and endonuclease activities are essential for non-LTR
retrotransposons because of their retrotransposition mechanism
(Feng et al. 1996; Yang et al. 1999; Cost et al. 2002; Takahashi
and Fujiwara 2002). Retrotransposons cannot survive without
endonucleases. The dual endonuclease structure of Dualen is the
only way to change endonuclease domains without loss of ret-
rotransposition ability. Since early branched retrotransposons
have an RLE, the ancestor of Dualen could have newly acquired
an APE. Dualen could have acquired an APE from a cellular gene,
not from other non-LTR retrotransposons, because Dualen is the
most ancient non-LTR retrotransposon having an APE. One of
the possible mechanisms of acquiring a cellular APE is that an
early branched retrotransposon transposed to just downstream of
a cellular APE gene was cotranscribed and was comobilized. Co-
mobilization of 5'-flanking sequences was experimentally dem-
onstrated in the human L1 and the silkworm SART1 (Symer et al.
2002; Takahashi and Fujiwara 2002). RLE could have been lost
after the branch between Dualen and recently branched non-LTR
retrotransposons.

The RNH domain is considered to have been acquired inde-
pendent of the APE domain, because the RNH domain of Dualen
is positioned between the RT and the RLE domains, both of
which are related to those of the early branched non-LTR retro-
transposons. The RNH domains of non-LTR retrotransposons are
monophyletic; thus, either the Dualen group or the I group could
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have acquired a cellular RNH gene. If the I group had acquired a
cellular RNH, Dualen would be a chimeric retrotransposon whose
RNH was acquired from the I group retrotransposons. But, there
have been no obvious reports of chimeras or domain swapping
between two non-LTR retrotransposons. If Dualen had acquired a
cellular RNH, the L1, the RTE, and the Jockey groups would have
lost their RNH domains secondarily (Fig. 7B). The loss of the RNH
domains actually occurred in the I group, as in the R1 clade and
the Tad clade (Malik et al. 1999). Thus, it is more likely that
Dualen is the most ancient retrotransposon that acquired cellular
RNH. If it is true, the common ancestor of the recently branched
non-LTR retrotransposons corresponding to the four groups, the
L1, the RTE, the Jockey and the I groups, had Gag, APE, and RNH,
in addition to RT and ZF (Fig. 7B, putative ancestor).

In addition, since LTR retrotransposons and retroviruses are
considered to have evolved from non-LTR retrotransposons hav-
ing both Gag and RNH (Malik and Eickbush 2001), LTR retro-
transposons could have branched from the common ancestor of
the recently branched non-LTR retrotransposons. The most an-
cient LTR retrotransposon group is the Tyl/copia group, which
retains protease and integrase domains, instead of the APE do-
main of non-LTR retrotransposons (Fig. 7B). If LTR retrotrans-
posons had branched from the common ancestor of the recently
branched non-LTR retrotransposons, APE, RNH, Gag, protease,
and integrase would have acquired sequentially. It is a quite ex-
citing possibility.

Methods

Computer-based nucleotide and protein searches were performed
using different BLAST search programs (Altschul et al. 1997)
at NCBI (http://www.ncbi.nlm.nih.gov/BLAST) and JGI (http://
aluminum.jgi-psf.org/prod/bin/runBlast.pl?db=chlrel). Protein
sequences of non-LTR retrotransposons previously described (Ko-
jima and Fujiwara 2004) were used as queries for database
searches. As the Chlamydomonas reinhardtii genomic sequences
were in draft format and there were no single sequences contain-
ing complete retrotransposons, we constructed representative
retrotransposon sequences from several sequences derived from
different genomic positions. Sequences more than 90% identical
to each other were connected in order to include longer ORFs.
The reconstructed sequences of the Dualen elements from C.
reinhardtii are available from the authors’ Web site (http://www.
biol.s.u-tokyo.ac.jp/users/animal/kojima/sequence.html).
DualenU1 corresponds to bases 20173-30250 of AC109923 and
DualenU2 corresponds to bases 133667-134928 joined to 89898-
95300 of AC109923.

Amino acid sequences of elements were aligned using
CLUSTAL X (Thompson et al. 1997) on the basis of previous
reports (Malik et al. 1999; Burke et al. 2002; Kojima and Fujiwara
2004; Weichenrieder et al. 2004). Bayesian phylogenetic trees
were constructed using MrBayes 3 (Ronquist and Huelsen-
beck 2003). Neighbor-joining (NJ) trees were constructed using
CLUSTAL X. Nonparametric bootstrap analyses were performed
with 1000 replicates.

Primers used for PCR are listed in Supplemental Table 1.
Probes used in Southern hybridization were amplified by PCR
with pairs of primers as follows: Cr1-5’, DualenCr1_F2 and
DualenCr1_R2; Cri-3’, DualenCrl_F1 and DualenCrl_R1; Cr2,
DualenCr2_F1 and DualenCr2_R1; Cr3, DualenCr3_F1 and
DualenCr3_R1; Cr4, DualenCr4_F1 and DualenCr4_R1. PCR con-
ditions were as follows: 35 cycles of 96°C for 30 sec, 60°C for
30 sec, and 72°C for 1min.

Approximately 5 ng of genomic DNA was digested with re-
spective restriction enzymes (EcoRI, Bglll, and HindlIII), separated
on 1.0% agarose gel and blotted onto Hybond-N* nylon mem-
brane (Amersham) in 0.4N NaOH. Radioactive probes were ob-
tained by using BcaBEST Labeling Kit (TaKaRa) with [a-*?P]dCTP
(ICN). Hybridization was performed at 45°C in 50% formamide,
10X Denhardt’s solution (1 X Denhardt’s solution is 0.2% each
of BSA, Ficoll, and polyvinylpyrrolidone), 50 mM sodium phos-
phate (pH 7.0), and 25 pg/mL sonicated salmon sperm DNA in
5% SSC, and the *?P-labeled DNA probe. Post-hybridization
washes were carried out in 2 X SSC with 0.1% SDS for 15 min at
65°C and 0.2x SSC with 0.1% SDS for 15 min at 65°C.
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