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SUMMARY

Transposons of the Mutator superfamily have been widely described in plants, but only recently have metazoan organisms
been shown to harbour them. In this work we describe novel Mutator superfamily transposons from the genomes of the
human parasites Schistosoma mansoni and S. japonicum, which we name Curupira-1 and Curupira-2. Curupira elements do
not have Terminal Inverted Repeats (TIRs) at their extremities and generate Target Site Duplications ('T'SDs) of 9 base
pairs. Curupira-2 transposons code for a conserved transposase and SWIM zinc finger domains, while Curupira-1 elements
comprise these same domains plus a WRKY zinc finger. Alignment of transcript sequences from both elements back to
the genomes indicates that they are subject to splicing to produce mature transcripts. Phylogenetic analyses indicate that
these transposons represent a new lineage of metazoan Mutator-like elements with characteristics that are distinct from the
recently described Phantom elements. Description of these novel schistosome transposons provides new insights in the

evolution of transposable elements in schistosomes.
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INTRODUCTION

Transposons are ubiquitous elements that comprise
a large portion of the genomes of eukaryotes. Given
the size of their contribution, they are considered
a driving force for genome evolution and speciation
(Charlesworth et al. 1994; Kidwell and Lisch, 1997).
DNA transposons are a class of transposable elements
that transpose without an RNA intermediate. Eukar-
yotic DNA transposons can be divided into 2 sub-
classes: Subclass 1 which contains TIR and Crypton
orders and Subclass 2, which is composed of Helitron
and Maverick orders (Politrons) (Feschotte and
Pritham, 2007; Wicker et al. 2007). Helitrons are
DNA transposons that transpose through replicative
rolling-circles. Mavericks are large transposons with
long Terminal Inverted Repeats ('T'IRs) and code for
several proteins. Transposons from the TIR order
use their transposase to excise double-stranded DNA
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for subsequent re-insertion into other regions of the
genome. The TIR order, within which the present
transposons were placed, can be further divided
into 9 superfamilies, namely T'C1; hA'T; P; Mutator/
Foldback; CACTA,; PIF/Harbinger; Transib; piggy-
Bac and Merlin (Wicker et al. 2007).

Schistosomes are parasitic trematodes that have
several vertebrate species as definitive hosts. The
genomes of Schistosoma mansoni and S. japonicum,
two species with humans as their definitive host, have
been recently sequenced (Berriman et al. 2009;
Zhou et al. 2009). Their analysis revealed that
retrotransposable elements constitute a considerable
fraction, divided into several families (Venancio et al.
2010). In contrast, DNA transposons constitute a
modest fraction of the genome and with only 2 pre-
viously described, one of them belonging to the
Merlin superfamily (Feschotte, 2004), the other
being the first transposon from the CACTA super-
family described in animals (DeMarco et al. 2006).

The mutator transposon was first described in
Zea mays, where it is highly active, resulting in in-
creased mutation rates in lineages that possess the
element. The maize autonomous mutator element
(MuDR) is 4-9 kbases long, displays 220 bp TIRs and
creates 9 bp TSDs (Lisch, 2002). MuDR produces
2 transcripts named mudrA and mudrB which are
initiated from the opposite TIRs of the elements
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converging to its centre, and both transcripts are sp-
liced (Hershberger et al. 1995). Mutator-like Ele-
ments (MULESs) have also been described in other
plants (Lisch, 2002) as well as fungi (Chalvet et al.
2003) and protists (Pritham et al. 2005; Lopes et al.
2009). Recently, a new family of MULEs named
Phantom was described in several metazoan organ-
isms (Marquez and Pritham, 2010) constituting the
first systematic description in metazoans. All these
MULE:S share a conserved transposase domain con-
taining DDE or DX34E residues followed by a CX,H
motif, which is distantly related to the insertion
sequence [S256 of prokaryotes (Hua-Van and Capy,
2008).

Here, we describe 2 novel families of transposons
from the genomes of the human parasites S. mansoni
and S. japonicum belonging to the Mutator super-
family, with distinct characteristics from Phantom,
the other recently described metazoan transposon
family (Marquez and Pritham, 2010); these differ-
ences are the absence of TIRs, presence of 9bp
Target Duplication Sites (T'SD) instead of 10 bp
TSD and presence of a SWIM zinc-finger domain.
We named these novel families of transposons
Curupira, after the figure from South American
Tupi Indian mythology, with feet that are turned
backwards to create tracks that trick anyone trying to
follow (or flee from) him (Smith, 1996; Almeida and
Portella, 20006).

MATERIALS AND METHODS
In silico detection of Curupira transposons

A search for S. mansoni transposable elements was
performed using several MULE transposase amino
acid sequences as queries for the S. mansoni genome
(Berriman et al. 2009) with a stand-alone version
of the tBLASTn program. After discovery of the
S. mansoni Curupira-1 sequence, the amino acid
sequence of its transposase domain was used for
further searches in both S. mansoni and S. japonicum
(Zhou et al. 2009) genomes again using tBLASTn.
For each transposon, the nucleotide sequence with
similarity to other transposases was selected and used
for BLASTn searches for additional copies in the
genome. The 10 regions of the genome with the best
score in the alignment had their sequences plus an
additional 3000 bp of genomic sequence at each of
their 2 flanking regions retrieved. The recovered
sequences were aligned with the MUSCLE program
(Edgar, 2004), and manual inspection of portions
showing conservation allowed us to determine the
transposons’ extremities. In cases where the 10 best
alignments did not provide support for deduction of
extremities, the next 5 additional sequences with
highest scores were added to the alignment and the
analysis was repeated. Sequences for canonical copies
of SmCurupira-1, SmCurupira-2 and SjCurupira-2
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were deposited as TPAs in the European Nucleotide
Archive under Accession numbers BNO001525-
BN001527.

Transposase domain alignment and construction
of phylogenetic trees

Using the deduced protein sequence of the trans-
posase domain from the Curupira transposon, we
retrieved several other sequences with significant
similarity (e-values less than 10™%) in a tBLASTn
search against the genomes of metazoans at NCBI.
We used the sequences along with those of known
MULE transposons to perform an alignment using
the ClustalX2 program, followed by manual refine-
ment. Phylogenetic analyses were performed with the
maximum likelihood algorithm using the phyML 3.0
program (Guindon and Gascuel, 2003), with default
parameters and LG matrix (Le and Gascuel, 2008).
T'rees were visualized and exported using the MEGA
4 package (Tamura et al. 2007).

Estimation of genomic content for DNA transposons

We estimated the genomic content of the different
DNA transposon families using the same method-
ology employed by Venancio and coworkers
(Venancio et al. 2010), which is based on element
identification followed by counting the relative
abundance of all shotgun reads generated by the
S. mansoni and S. japonicum genome projects that
map to the corresponding element.

Phylogenetic analysis of Curupira copies

The nucleotide sequences corresponding to the
transposase domain (coverage >80% of the domain)
for the different schistosome Curupira families
were extracted from the genomes of S. mansoni and
S. japonicum and a multiple alignment was per-
formed using MUSCLE (Edgar, 2004), for each of
the families. After manual inspection to remove
sequences with large insertions/deletions, we calcu-
lated the pairwise distances between the members of
each family. Phylogenetic analyses were performed
with the approximately maximum likelihood algor-
ithm using the FastTree 2.1.3 program (Price et al.
2010). Trees were visualized and exported using the
MEGA 4 (Tamura et al. 2007) package.

RT-PCR and RACE reactions

S. mansoni adult parasites were obtained by portal
perfusion of hamsters 7 to 8 weeks after infection.
Worms were collected in RNALater (Ambion) ac-
cording to the manufacturer’s instructions. Then
mRNAs were extracted using uMAC isolation kits
(Miltenyi Biotec) from 40 mg of tissue and treated
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with RQ1 RNase-free DNase (1 U/10 ul; Promega)
for 30 min at 37°C. ¢cDNAs were prepared from
200 ng of mRINA using Superscript I1I (Invitrogen),
following the manufacturer’s instructions. PCR
reactions were performed with Taq polymerase
(Fermentas) and specific primers for SmCurupira-
1. RACE was performed with the 5" and 3’ RACE
System for Rapid Amplification of cDNA Ends
kits (Invitrogen), using specific primers for the
SmCurupira-1 transposon, following the manufac-
turer’s instructions. Representative sequences of
truncated transcripts of SmCurupira-1 were depos-
ited in the European Nucleotide Archive under
Accession numbers FR693365 and FR693648.
These transcript sequences and sequences from the
public databases were mapped to the genomic se-
quences of transposons using Spidey program

(Wheelan et al. 2001).

RESULTS

The genomes of S. mansoni and S. japonicum
display transposons of the Mutator superfamily

As a result of a transposable elements search in the
S. mansoni genome sequence, we obtained a signifi-
cant alignment (e-value 107 °) between a Jittery
transposase sequence from a Zea mays MULE (Xu
et al. 2004) and a portion (bases 256352 to 256717) of
the S. mansoni genomic scaffold Smp_scaff000052
(Accession number FN357343.1). Using this portion
of the S. mansoni genome as query against the rest of
the genome permitted us to retrieve several similar
loct, indicating that it was in fact a repetitive element
in the genome; we termed it SmCurupira-1. Further
BLASTn alignments of regions flanking the trans-
posase domain against the genome, and multiple
alignments of the retrieved sequences, permitted us
to establish the full-length sequence of the element
and pinpoint 8 copies with apparently intact ends
(Fig. 1). It is noteworthy that we could not detect
TIRs at SmCurupira-1 extremities, as commonly
seen in other MULE elements. However, the pres-
ence of TSDs of 9 base pairs flanking 6 of the 8
inspected copies (Fig. 1) appears to confirm that the
extremities inferred by us are authentic.

Although all of the 8 copies span most of the trans-
poson length, some of them had internal deletions
or insertions relative to the other copies or some un-
determined bases in the genomic sequence (rep-
resented by Ns). Therefore, we selected for further
analysis a 4878 bp long copy derived from super-
contig  Smp_scaff000189  (Accession number
FN357480.1; bases 384776 to 389653), which was
considered to be the best representative of an intact
element due to the lack of insertions/deletions relative
to the majority of aligned sequences; it is hereafter
referred to as the canonical copy.
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It was possible to identify a nucleotide sequence
coding for the MULE transposase domain
(pfam10551) between bases 1101 to 1394 of the
SmCurupira-1 transposon. Use of this amino acid
sequence as query to perform further tBLASTn
searches in the S. mansoni genome resulted in the
detection of a related family of elements that was
termed SmCurupira-2 (Fig. 1).

Searches performed in the S. japonicum genome
using SmCurupira-1 and SmCurupira-2 detected 2
related families in this organism, which were termed
SjCurupira-1 and SjCurupira-2 and the extremities
were identified by analyses similar to those performed
for SmCurupira-1. We also confirmed that all
Curupira families lack TIRs at their extremities and
generate 9bp TSD when inserted into a genomic
locus (Fig. 1). It is noteworthy that the .S. mansoni
elements display a larger proportion of sampled
full-length elements with conserved TSD (10/13)
when compared to the S. japonicum elements (2/11),
suggesting the prominence of recent insertions in
the S. mansoni genome. Alternatively, the discre-
pancy in T'SD abundance may reflect the fact that the
S. japonicum elements may insert more frequently
than the S. mansoni ones at blunt-end genomic break-
points, an event which would result in transposable
elements with no T'SD.

Following the same rationale used for SmCurupira-
1, we also chose copies to represent the canonical
SjCurupira-1 (Accession number FN331292.1, bases
122640 to 127162) and SjCurupira-2 (Accession
number FN331748.1, bases 22466 to 27672) ele-
ments. Curiously, all copies of SmCurupira-2 with
intact extremities displayed in Fig. 1 did not have a
transposase domain in their sequence, whereas all
5 copies of SmCurupira-2 with an integral transposase
domain displayed at least 1 degraded extremity.
Therefore we decided to make an in silico reconstruc-
tion of an intact autonomous SmCurupira-2 element
by fusing 3866 bp from the 5'-end of a 3'-truncated
transposase containing element (Accession number
FN357659.1, bases 2500-6365) with 849 bp of the
3’ extremity of a non-autonomous SmCurupira-2 ele-
ment (Accession number FN357382.1, bases 74052—
74900). In silico reconstruction of a complete copy of
this transposase provides a reference sequence for our
studies and may represent a first step towards future
production of an active element from fragments of
inactive ones, as previously achieved by Ivics and
collaborators with the Sleeping Beauty transposons
(Ivics et al. 1997).

Blastx searches with sequences from each of the
deduced transposon families against the GenBank
NR database indicate that they have limited simi-
larity to sequences from other organisms, with best
alignments to transposon proteins with e-values
ranging from 10~* to 10~ *and identities from 24
to 38% (Table 1). This finding suggested that these
newly detected transposons should represent a


https://doi.org/10.1017/S0031182011000886

Novel Mutator-like transposons from Schistosoma spp.

5 end

000101 TCATTHGCTAGT CAGEEYSFEGFCLFTF LTIy
001994 AAAAAAARACTGATG LRRFENb N FNn oG dof Noleh Jolc
GAATAACATTAGGATCACGTC
EEGAATAACATTAGGATCACHTCY
SAATAACATTAGGATCACGTCG
NHGAATAACATTAGGATCACHTCH
000036 ATGGT?C& FYYFGAATAACATTAGGATCACGTCH
GAATAACATTAGGATCACGTCG

000434 CGGATHCCTAT

ira.q 000237 caacc X
Smcuruplra 1 000001 TTATAGGCARAZ
019016 GTGATGACTAC

000189 TTGACOQCCTGCE

001053 ACGCATCTAARCTCAG

000313 AAACAATGGAATGTT e Nl Nadih o % od sl o Yodu f el o]
B ATAATACTTATTCTCACHGTG
NI ET GATAATACT TATTCTCACTGTG
000036 GTGTCCAATAAACTT SNINLINGLFELILTTY
000320 TAAGTGGGTGAATAG NIV VT LET LITsbaery

SjCurupira-15325:: irmacds

000331 ATATGEGTTATI
000011 TATCG CAAT

SmCurupira-2 000091 TATTTGGGAAT?

000181 AACACCTATCCT

000029 GBhCC% GTJ;:ACP

001775
SjCurupira-2 o100
oo8as582
000779

1127
H)

3’ end
GCCGTGATTCTAATGTCAACC LG"Cud}\GCTTG
CGTGATTCTAATGTCAACC TCTTCATGCC
AGCCGTGATTCTAATGTCAACC AT GTACA
T CEGEG.RTTCTR.\TGTCAACC TAT ATAGT
AGCCGTGATTCTAATGTCAACC TTA ACATG
AGCCGTGATTCTAATGTCAACC ACATACATAC
AGCCGTGATTCTAATGTCAACC LALN}\&TAGA
AGCCGTGATTCTAATGTCAACC C lCAdTGGTTA

FAGTATBTTTARGC S VNATAGAATGTTGGTCAT
AT NG NG R S S VNG VXl G TTTC T T TTTGCAT

ATAAACTTCGTCTT

TTATTTTCRAGCATT
SCAATACGEACAGT
AATAAATTATTATT
ATCCTATT[TATTAC
ATTGTACACIGAGAAT

A TAAGTAGCCGCCAA

TAAGCAGCC AARCAGAGGCGATTA
A el Neladab JedC CTAATTCGAATAAC
RAGC TrACTTATAAGancET-: ATAATTGAGGAAGAC
Nl eI Nl TSIV e Nl dsiC TAGATAAGEATCAR

Fig. 1. Sequence of the 5" and 3’ ends of full-length copies of Curupira transposons. Nucleotides shaded in black
indicate sequences from the ends of the Curupira transposons, nucleotides without shading in the same columns contain
mutations relative to the majority of sequences. Boxed nucleotides indicate Target Site Duplications ('T'SD) resulting
from insertion of these elements into the genomic DNA (represented without shading). Numbers on the left indicate the
scaffold of the Schistosoma mansoni or S. japonicum genomes from which the sequence was obtained.

relatively divergent group in relation to the pre-
viously described MULE transposons.

Using the methodology previously described by us
(Venancio et al. 2010), we estimated the abundance
of Curupira transposons, as well as of the other
previously described Merlin (Feschotte, 2004), and
TRC-1 transposons (DeMarco et al. 2006) in the
genomes of S. mansoni and S. japonicum (Table 2).
The 2 Curupira transposons appeared to be the most
highly represented DNA transposons in S. mansoni
so far, with slightly higher representation than
Merlin transposons; the same relative value was ob-
served for the 2 families in S. japonicum. In contrast,
DNA transposons of the TRC family were the less
abundant with a representation corresponding to one
fifth to one tenth of the other 2 families. It is
noteworthy that DNA transposons have a far lower
representation in both S. mansoni and S. japonicum
genomes than retrotransposons, which make up a
considerable fraction of both (Venancio et al. 2010).

Curupira transposons produce spliced transcripts

We were unable to identify a large ORF that could
encode a complete transposase in any of the Curupira
transposons using the ORFinder tool from NCBI.
Indeed,
characteristic of mutator elements were detected in
different ORFs. This led us to believe that transcripts

the transposase and zinc-finger domains
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from these elements were spliced and only a mature
transcript would code for a complete transposase.

Searches with canonical Curupira elements as
queries against the respective S. mansoni and S.
Japonicum EST's database at NCBI resulted in several
significant alignments with publicly available EST's
(e-value lower than 107 !°) for most of elements
except SjCurupira-1 (Table 3), providing evidence
that these elements are transcribed. When EST's were
mapped to the canonical element using the Spidey
program several of them displayed evidence of
splicing (Fig. 2). In addition, we found several full-
length sequences for SjCurupira-2 transcripts in the
NR database at NCBI (Fig. 2). This indicates that
these transcripts were produced from elements with
intact splicing sites, which suggest they were rela-
tively intact elements.

SjCurupira-2 displayed the largest proportion
of spliced ESTs (77%), while SmCurupira-1 dis-
played only a small proportion of spliced ESTs
(8%). It is curious that despite the large number
of SmCurupira-2 ESTs found, only 1 contained
the transposase domain, while the majority had a
discontinuous alignment with the canonical element,
in which the portion containing the transposase
domain was skipped (Fig. 2). This does not appear
to be the result of splicing since no canonical splicing
sites were detected in the putative intron; instead
it appears to be the product of transcription
from truncated elements. In fact, a BLASTn search
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Table 1. Alignment of Curupira transposons to other transposons in the GenBank NR database using
Blastx program
Length Identity/
Transposon Blastx best hit (NR)® e-value (aa) similarity
SjCurupira-1 BAH93420.1 Os06g0246700 [Oryza sativa Japonica Group]| 1x107% 148 27%/48%
SjCurupira-2  EFX65973.1 hypothetical protein DAPPUDRAFT_116791 3x107 " 303 24%/44%
[Daphnia pulex]
SmCurupira-1 AAX92857.1 transposon protein, putative, unclassified 2x107% 97 38% /58%
[Oryza sativa Japonica Group]
SmCurupira-2 hypothetical protein PITG_23301 2x107% 121 28% /48%

[Phytophthora infestans T'30-4]

? Best hit considering only organisms outside the Schistosoma genus.

Table 2. Representation of DNA transposons in
the genomes of schistosomes (% of genome)

DNA Transposon Schistosoma Schistosoma
superfamily mansoni Japonicum
Merlin 0-24 0-20
CACTA (TRC) 0-04 0-02
Curupira 0-28 0-20

(0-20+0-08)%  (0-07+0-13)*

* Numbers in parentheses indicate abundances of

Curupira-1 and -2, respectively.

of these ESTs against the S. mansoni genome
retrieved truncated copies in which the tranposase
domain was absent and alignment of the cited portion
of the EST was no longer discontinuous. Other
portions of the ESTs from SmCurupira-2 also had
a discontinuous alignment with the canonical
element, and in several instances it does appear
to be a product of splicing, since canonical splicing
sites are detected at the extremities of the formed
exons. SjCurupira-1 had only a couple of ESTs
detected in adults and neither of them presented
evidence of splicing (Table 3), suggesting that this
transposon has a low transcription level.

We performed RT-PCR experiments to amplify
transcripts for the SmCurupira-1 transposon in order
to verify the apparent scarcity of spliced transcripts
for this element. Amplifications using specific pri-
mers designed from regions of SmCurupira-1 that
showed evidence of transcription and RACE reac-
tions resulted in sequencing of transcripts with no
evidence of splicing; several of them were derived
from truncated copies (data not shown).

Searching for ESTs from SmCurupira-1 and -2
in the public database revealed the presence of
transposon transcription in all of S. mansoni life-
cycle stages investigated, namely cercaria, schistoso-
mulum, adult worm, egg, miracidium, and germ ball
(Table 3). EST's for SjCurupira-2 were also detected
in all S. japonicum stages except for germ balls
(no ESTs are available for this life stage in the
S. japonicum EST database). Overall, data from
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Table 3 suggest that Curupira transposons are
ubiquitously transcribed throughout the life cycle
of the parasite.

Curupira transposons represent a novel lineage of
metazoan Mutator transposons

Curupira amino acid sequences for the transposase
domain were aligned with other Mutator transpo-
sases (Fig. 3). It can be seen that all the Curupira
transposons display the DX 3DX;;E integrase sig-
nature described for some MULE elements, in which
the first and last residues correspond to the DX3,E
amino acid signature found in all MULE elements
(Rossi et al. 2004; Hua-Van and Capy, 2008). In
addition, a DX5y_,; CX,H motif, also characteristic of
MULE transposases (Lopes et al. 2009), is present in
Curupira transposons.

Using the transposase domain of the SmCurupira-
2 transposon as query for tBLASTn searches in the
available genome and transcript databases at NCBI,
we have been able to obtain alignments with ident-
ities ranging from 31 to 37% to transcripts from the
platyhelminth Opisthorchis viverrini and the cnidar-
ian Hydra magnipapillata and to genomic sequences
from the mollusk Aplysia californica, and the
oomycete Phytophthora infestans. These sequences
were previously not annotated as transposons, thus
representing novel elements.

Phylogenetic analysis of the Curupira transposase
domain alignment (Fig. 4) has grouped the two
Schistosoma Curupira elements along with transpo-
sase domains from O. wviverrini, A. californica,
H. magnipapillata and P. infestans in a monophyletic
group with relatively high bootstrap support. This
leads us to propose that Curupira transposons
constitute a new group of MULE transposons that
contains several metazoan members.

Our analysis also indicates that the Curupira group
is only distantly related (Fig. 4) to another group
of transposons recently described in Metazoa, namely
Phantom (Marquez & Pritham, 2010), and sug-
gests that two independent lineages of Mutator


https://doi.org/10.1017/S0031182011000886

Novel Mutator-like transposons from Schistosoma spp. 1129
Table 3. Number of significant alignments (e-value <10~ '°) of Curupira transposons to schistosome
transcript sequences from the NCBI EST database
Transcription in life-cycle stage®

Total number of ESTs with splicing
Transposon aligned ESTs" evidence C S A E M G
SmCurupira-1 49 4 (8%) X X X X X X
SmCurupira-2 176 36 (20%) X X X X X X
SjCurupira-1 2 0 X
SjCurupira-2 445 341 (77%) X X X X X

? Excluding alignment with internal sequences similar to retrotransposons present in SjCurupira-2 and SmCurupira-2.
P ESTs were considered as displaying splice evidence when more than 1 exon was predicted and conserved canonical donor
and acceptor splice sites were detected in at least 1 intron when mapping the EST to the canonical transposon copy using the
Spidey program. Numbers in parentheses indicates percentage of total aligned EST's.

¢ X indicates evidence for transcription in a given life-cycle stage determined by the presence of ESTs for that stage in the
public database. C-cercaria; S-schistosomulum; A-adult worm; E-egg; M-miracidium; G-germ ball.

A SmCurupira-1 (4878 bp)

CD094552

B SjCurupira-2 (5223 bp)

1]
]
L}
]
]
[}
]
]
[
]
[]
]
]
[
]
[]
1]
I
]
]
L
[
]
[]
1
a

AY814069.1

AY814139.1

AY813535.1

AY814129.1

AY815544 .1

AY815876.1

C SmCurupira-2 (4723 bp)

== AM043454.1
CD079463.2
—a—a EX707790.1
CD132651.1
CD130948.1

Fig. 2. Spliced transcripts detected in public databases. The figure shows representative examples of ESTs or RNA
transcripts from public databases mapping to the following transposons: (A) SmCurupira-1, (B) SjCurupira-2 and

(C) SmCurupira-2. White bars illustrate the representative transposon copies. Portions highlighted in grey indicate the
region coding for the transposase domain. The hatched portion in SjCurupira-2 is similar to the previously described
retrotransposon Perere-3 from S. mansoni. Wide horizontal black lines represent the exons and narrow lines the introns.
Dotted narrow lines represent introns without the canonical splicing sites.

transposons were established early in the evolution of
the metazoan genomes.

In addition to the transposase domain itself, other
domains usually found in MULE transposons have
also been detected in Curupira. All Schistosoma
Curupira transposons contain a SWIM zinc-finger
domain (CDD: cl11618), which has a CXCX,CXH
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motif and is located past the C-terminus of the
transposase. We have been able to detect a WRKY/
FAR1-domain in SmCurupira-1 (Fig. 3) near the
protein N-terminus, which is encoded by 2 transpo-
son exons (as evidenced by EST Accession number
CDO094552.1). SjCurupira-1 also displays a similar
region coding for this domain. It is notable that
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Fig. 3. Multiple alignment of domains from Curupira transposons. ClustalX2 alignments for conserved regions of
transposase, WRKY/FAR1 and SWIM zinc-finger domains are shown. Shading indicates level of conservation of amino

acids. Arrowheads indicate conserved residues from the DX 3DXsE and DX,,.,;CX,H motifis characteristic of

MULE:Ss transposases.

SmCurupira-2 and SjCurupira-2 do not display a
WRKY/FAR1-domain, suggesting that this domain
has been lost/gained after the split between Curupira-
1 and Curupira-2.

Analysis of the protein encoded by the
H. magnmipapillata transcript showed that a WRKY/
FAR1-domain is present near the N-terminus,
whereas the C-terminus of the protein encoded by
this transcript appears to be truncated and no SWIM
zinc-finger domain was detected. The protein en-
coded by the O. viverrini EST sequence appeared to
be truncated and no domain additional to the
transposase was detected. The sequence of proteins
encoded by both A. californica and P. infestans
elements displayed a SWIM zinc-finger domain. In
addition, we analysed the regions 5 kbp upstream and
downstream of the stretch coding the transposase
domain of A. californica and P. infestans and no TIRs
were detected. This suggests that most of these newly
detected elements have characteristics in common
with the Schistosoma Curupira transposons, provid-
ing further support for their grouping.

Curupira transposon families underwent recent
expansion in both the S. mansoni and S. japonicum
genomes

In order to study the evolutionary history of
Curupira-1 and -2 in S. mansoni and S. japonicum
genomes, we performed a separate multiple align-
ment for each of these families with different copies
of nucleotide sequences encoding the transposase
domain, followed by a phylogenetic analysis using
the maximum likelihood algorithm. Only sequence

https://doi.org/10.1017/50031182011000886 Published online by Cambridge University Press

copies that encompass at least 80% of the domain were
included in this analysis. Results shown in Fig. 5
indicate that there is a very small distance between
most of Curupira-1 elements in S. mansoni, suggest-
ing that a recent expansion of this family has occu-
rred. In contrast, copies of Curupira-1 from the
S. japonicum genome are more distant to each other
indicating a more ancient divergence between the
members. The opposite occurs for the Curupira-2
family, in which a considerable portion of the
S. japonicum elements are evolutionarily very close
while the few intact copies of transposase domains
from S. mansoni Curupira-2 are more distant. In fact,
the Curupira-1 family is more abundant than
Curupira-2 in S. mansoni (Table 2) and the opposite
occurs in S. japonicum.

DISCUSSION

In this work we described Curupira-1 and -2, two
novel schistosome DNA transposons in the genomes
of S. mansoni and S. japonicum. They have several
distinct characteristics, such as the presence of a
conserved MULE transposase domain (pfam10551)
and the presence of 9bp TSDs, which permitted
us to classify them as members of the Mutator
superfamily. Recently, a family of transposons named
Phantom was the first from the Mutator superfamily
to be described in a metazoan (Marquez & Pritham,
2010). Here we show that a different lineage of
Mutator transposons has also colonized the genomes
of early metazoans. Curupira transposons are mark-
edly different from Phantom transposons with res-
pect to the size of T'SD (9 bp in Curupiraand 10 bp in
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Fig. 4. Phylogenetic tree of the Mutator superfamily. A phylogenetic tree based on the transposase domain alignment of
Mutator elements was constructed using maximum likelihood. Elements are represented by species names followed by
the sequence GI number at GenBank. Division of the elements into families is indicated on the right of the figure.
Numbers near nodes represent likelihood support values; only likelihood support values equal to or higher than 50 are

shown. IS256 elements were used as the out-group.
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Curupira-1
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Curupira-2

Fig. 5. Phylogenetic tree of Curupira-1 or -2 family members from Schistosoma mansoni and S. japonicum genomes.
Trees were constructed using a separate multiple alignment for each Curupira element that included the different
genomic copies of nucleotide sequences coding for the transposase domain in both S. mansoni (circles) and S. japonicum
(squares) species and applying the approximately maximum likelihood algorithm.

Phantom), presence of TIRs (absent in Curupira and
present in Phantom) and the presence of a SWIM
zinc-finger domain in Curupira, but not in Phantom.
In addition, phylogenetic analysis of the transposase
domain suggests a very distant relationship between
those two groups. This appears to confirm the pro-
posal of two independent lineages colonizing the
genomes of metazoan previously made by Hua-Van
and Capy (2008), based only on the analysis of a DDE
region sampled from the genomes of different
organisms.

Phylogenetic analysis suggests that SmCurupira-1
experienced a recent burst of transposition, similar to
that verified for some major retrotransposon families
of S. mansoni (Venancio et al. 2010). The presence
of intact T'SDs in several of the examined copies
provides further evidence for recent transposition.
Despite this recent expansion, we have been unable to
identify a large amount of spliced transcripts for this
element, as production of intact active copies would
be expected. Instead, most of the transcripts, either
sampled in the EST database or amplified by us using
RT-PCR, were unspliced and appeared to be trans-
cribed from truncated copies. It is possible that most
of the intact copies are silenced and transcripts of
truncated copies are produced by an alternate pro-
moter, or are located in regions of the genome
less prone to silencing. SmCurupira-2 had approxi-
mately the same estimated genome abundance as
SjCurupira-1. However, only 5 copies with an
intact transposase domain were sampled while
SjCurupira-1 had 51 copies with this characteristic.
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In fact, most copies of SmCurupira-2 examined, and
all those with intact extremities, lacked the transpo-
sase domain. The presence of T'SDs in 4 out of 5
of the copies with intact extremities suggests a recent
transposition of these elements. Taken together these
data suggest that non-autonomous elements of
SmCurupira-2 have recently been able to transpose
using a transposase produced by another element.
Considering that the S. mansoni genome sequence is
incomplete, it is difficult to evaluate whether there
is an intact SmCurupira-2 element that could act in
trans or if this role is performed by an autonomous
element from another family. In maize, the non-
autonomous copies have been shown to outnumber
the autonomous MuDR elements and are responsible
for most of the mutations in mutator lines (Lisch,
2002). Therefore, the strategy of non-autonomous
copies ensuring their transposition by the use of a
much less numerous autonomous line appears to be
recurrent in this class of elements.

Description of these novel schistosome trans-
posable elements provides new insights into the
schistosome genome dynamics and evolution. In
addition, the presence of spliced transcripts and the
integrity of some of the inspected copies suggest that
they may represent active elements. If the latter sug-
gestion is true, these elements could be potential tools
to be used for the integration of specific genes into the
parasite genome, leading to transgenic schistosomes
and/or to permanently dividing schistosome cell
lines, which may contribute significantly to future

molecular studies of these parasites. However,
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further studies are warranted to confirm the pro-
duction of an active transposase protein, as well as to
determine the dynamics of interaction between these
elements and the parasite genome before they can be
seriously considered for this purpose.
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