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Abstract

Theingi and L1Tc non-LTR retrotransposons — which constituteitfgé clade — are abundant in the genome of the trypanosomatid species
Trypanosoma brucei andTrypanosoma cruzi, respectively. The corresponding retroelements, however, are not present in the genome of a closely
related trypanosomatideishmania major. To study the evolution of non-LTR retrotransposons in trypanosomatids, we have analyzgd dllTc
elements and highly degeneratgi/L1Tc-related sequences identified in the recently compl&téducei, T. cruzi andL. major genomes. The
coding sequences of 242 degeneiag#/L1Tc-related elements (DIRES) in all three genomes were reconstituted by removing the numerous frame
shifts. Three independent phylogenetic analyses conducted on the conserved domains encoded by these elements show that all DIREs, includ
the 52L. major DIRES, form a monophyletic group belonging to thegi clade. This indicates that the trypanosomatid ancestor contained active
mobile elements that have been retained inTheanosoma species, but were lost froth major genome, where only remnants (DIRE) are
detectable. All 242 DIREs analyzed group together according to their species origin with the exceptidh ofutdDIREs which are close to
theT. brucei ingi/DIRE families. Considering the absence of known horizontal transfer between the Afribarcei and the South-Americafi
cruzi, this suggests that this group of elements evolved at a lower rate when compared to the other trypanosomatid elements. Interestingly, the or
nucleotide sequence conserved betwiaghand L1Tc (the first 79 residues) is also present at thexBemity of all the full length DIREs and
suggests a possible role for this conserved motif, as well as for DIREs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction through an RNA intermediate and can be further divided into two
lineages that utilize completely different mechanisms of integra-
Transposable elements are widespread mobile genetic elden. Those elements with long terminal repeats (LTR), called
ments found in the genome of most organisms. They can bETR retrotransposons, are similar both in structure and retro-
grouped into two main categories based on sequence organizaansposition mechanism to retrovirug2kand those elements
tion and mode of transpositi¢h]. The first group consists of the that lack LTR, called non-LTR retrotransposons or retroposons,
cut-and-paste elements (DNA transposons), which move strictlyse a simpler mechanism of transposition. The current model
through a DNA intermediate in both prokaryotic and eukary-for transposition of non-LTR retrotransposons was developed
oticgenomes. The second group (retrotransposons) is transposebed on the analysis of the insect R2 elenfightThis model
predicts that an element-encoded endonuclease (EN) performs
a single-strand nick of the target DNA, generating an exposed

* Corresponding author. Tel.: +33 557574632; fax; +33 557574803, 3-hydroxyl that serves as a primer for reverse transcription
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DNA copy of the element is, thus, directly synthesized onto (9 ¢ enen(1657 armine acics)ecee-po S50 i

the chromosome by the element-encoded reverse transcriptase,.ng,. ﬂ’ 7 5250
(RT). The second single-strand nick is carried out on the other : ; )
strand, a few base pairs downstream of the first nick, by the 7% - .
same element-encoded endonuclease, generating a primer for i g Al T -L'Ft;g
the second-strand synthesis of the retroelement. Consequently,L1TC i i

the non-LTR retroelements are flanked by a direct repeat corre- . ) o )
Fig. 1. Schematic representation and comparisangfand L1Tc. Schematic

spondlng to the sequence between the two Smgle'Strand mc‘ﬁrip ofingi (T. brucei) is based on the fifth (26P8i5) retroelement present in

performed by the element-encoded endonuclease, called targgd fully sequenced: brucei BAC RPCI93-26P8 (ACC: AC08770186,58]
site duplication. They also have a variable length poly(A) orand the L1Tc mapX cruzi) is derived from the retroelement present in BAC62

A-rich 3'-tail, due to the involvement of an RNA intermediate. (ACC: AF208537)[36,59} The potentially functionalngi retroelement con-
Since DNA transposons- and retrotransposons-like element@ins a single long ORF (4971bp), from position 9 (ATG codon) to position

are present in prokarvotes. all mobile elements in eukarvotes a4980 (TAA codon), which encodes a 1657 amino acid protein. The potentially
P p Y ’ y Fl?nctional L1Tc retroelement contains a single long ORF (4722 bp), from posi-

fissumgd to have descended from bacterial emmnmcord' tion 137 (ATG codon) to position 4859 (TAG codon), which encodes a 1574
ing to this model, ancestor(s) of eukaryotes contained both DNAmino acid protein. Black boxes at the end of both maps represent the poly(dA)

transposons and retrotransposons suggesting that most, if rietminal sequence. The first 79 bpiegi are 77% identical to the corresponding
all, eukaryotes may contain mobile elements. Indeed, all théegion (_first 78bp) of L1Tc (grey boxes), which constitutes the only conserved
higher eukaryotes analyzed so far contain at least one family ¢f'c/e0tide sequence between these two members ofghelade.

gher eukaryo y y
mobile element§5]. In contrast, 5 of the 15 unicellular eukary-
otic genomes sequenced to dakdtf://genomesonline.org/
lack mobile elements, i.e. a Microsporidia intracellular parasitdOr potentially activejngi and L1Tc elements encoding a large
Encephalitozoon cuniculi [6] and 4 members of the Apicom- Single protein (1657 and 1574 amino acids, respectiveig) 1)
plexa protozoan pathoge®asmodium falciparum[7], P. yoelii comprised of the central reverse transcript@sd and RNAse
yoelii [8], Cryptosporidium hominis [9] andC. parvum [10]. This ~ H (RH) [29] domains, C-terminal DNA-binding domaii30]
suggests that a significant fraction of unicellular eukaryotes mafnd @ N-terminal apurinic/apyrimidinic-like endonuclease
have lost active mobile elements. However, since none of thes#omain[31]. We have previously identified a subset of highly
five genomes contain detectable vestiges of a mobile elemerfiégenerate group of non-LTR retroelements related tarifie
one cannot rule out the hypothesis that these genomes never céiede and named them DIREs for “degenefagé/L 1 Tc-related
tained mobile elements. To address this question, we have an@leéments’32]. In this paper, we report the identification and
lyzed all the potentially active and highly degenerate non-LTRCharacterization of the full complement of DIREs in tifie
retrotransposons contained in the recently completed genome &fucei, T. cruzi andL. major genomes. Our analysis shows that
three trypanosomatid protozoan parasitespanosoma brucei, L major has eliminated all the active non-LTR retrotransposons
Trypanosoma cruzi andLeishmania major) [11-13} present in its trypanosomatid ancestor, while trypanosome

Trypanosomatids are protozoan parasites of major medicgenomes still contain potentially active elements.
and veterinary significance. They cause serious disease in
humans, such as sleeping sickneBs(ucei), Chagas disease 2. Materials and methods
(T cruzi) and Leishmaniasisigishmania spp.).T. brucei and
T. cruzi belong to theTrypanosoma genus and constitute a 2.1. Detection and reconstitution of the chimeric DIRE
monophyletic group distantly related from theishmania Spp.  coding sequences
[14-16] L. major is considered devoid of any mobile element,
while both trypanosome species contain retrotransposons T. brucei, T. cruzi andL. major genome sequences are avail-
[17,18] The genomes of. brucei andT. cruzi contain similar  able at GeneDBhttp://www.genedb.ory/ Ingi and L1Tc pep-
retrotransposons, while no DNA transposons have been detectidde sequences were used to detect all DIRES inTtheucei
so far. VIPER is an LTR retrotransposon originally character{Th927.v3.0),T. cruzi (TcBr.v3.0) andL. major (LmjF.v4.0)
ized in theT. cruzi genomg19] and recently identified in thE ~ genomes. Aninitial TBLASTN search was performed against all
brucei genomg11,12] According to the current nomenclature, 7. brucei andL. major chromosomes anfl cruzi contigs using
all trypanosomatid non-LTR retrotransposons analyzed so fahe ingi and L1Tc peptides. Approximate coordinates of the
are divided into the CRE andgi cladeg4]. The CRE clade is DIREs were determined and putative gene models were created
composed of th& brucei SLACS,T. cruzi CZAR andCrithidia  and translated. These peptides were then searched again against
fasciculata CRE1/CRE2 elements, which are site-specificingi and L1Tc peptides using the BLAST-extend-repraze
retroelements always inserted at the same relative position in tHBER) algorithm developed at TIGR. This algorithm extends
spliced leaderSL) RNA geneg20-23] TheT. brucei ingi andT. the boundaries of each ORF by 300 bp on both ends and a modi-
cruzi L1Tc elements, of théugi clade, are dispersed in the host fied Smith—Waterman alignment is then performed between the
genome[24-26] although they show a relative site-specificity proteins, including the translation of the extensions. The exten-
forinsertion[27] (Bringaud, unpublished data). It is noteworthy sions allow the examination of all translation frames and past
that mobilization of trypanosomatid retroelements has not beestop codons. Because of the degenerate nature of DIRES, this
observed so far, therefore, we consider as potentially functionadrocess allows to determine the precise coordinates of these ele-
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ments. To tentatively reconstitute chimeric proteins from thesequence homology to thE brucei ingi and T. cruzi L1Tc
analyzed DIRESs, frame shifts were removed manually from thenon-LTR retrotransposons. A total of 8bgi and 296 L1Tc
DNA sequences using the BER outputs to precisely determineere identified, which corresponds to 115 and 320 expected
the frame shift positions. This approach was used to generatetroelements per haploid genome, respecti{E2}. The intra-
a pseudogene for each DIRE encoding a singg&/L1Tc-like  species percentage of identity between the nucleotide sequence
sequence that contains numerous stop codons in most cases.of these elements ranges between 49.9 and 99.8% foru-
cei (ingi) and 51.8 and 99.8% fdf. cruzi (L1Tc) with a mean
2.2. Other databases mining of 92.2% foringi and 94% for L1Tc. TBLASTN searches of
the three trypanosomatid genomes with the retroelements prod-
The absence of detectable traces of retrotransposons, in thet revealed, in addition to the previously annotated elements,
Encephalitozoon, Cryptosporidium and Plasmodium genomes  sequences presenting significant homology with the RT, RH
was confirmed by performing TBLASTN searches with theand/or EN domains. Thesegi/L1Tc-like sequences, which
reverse transcriptase domain of different LTR and non-LTRcontain numerous frame shifts and stop codons, correspond to
retrotransposons. The TBLASTN searches were performe®IRES[32]. To analyze and compare the DIRE gene products,
on the E. cuniculi (http://www.ncbi.nim.nih.gov/mapview/ we used a BLAST-based tool (BER, see Sect®rio locate
mapsearch.cgi?taxid=6035 Cryptosporidium parvum and  the frame shifts in the degenerate sequences. This allowed us
hominis (http://CryptoDB.org) andP. falciparum (http://www.  to tentatively reconstitute chimeric proteins with matches to

genedb.org/genedb/malajigenome web sites. the ingi and L1Tc products for the purpose of phylogenetic
analyses. Among the 53 and 52 DIREs identified inThiru-
2.3. Phylogenetic analyses cei (TbDIRE) andL. major (LmDIRE) genomes, 47 and 31

were successfully reconstitutellig. 2). Intra-species compar-

The reverse ftranscriptase, apurinic/apyrimidinic-likeison of the reconstituted DIRE proteins revealed the existence
endonuclease and RNase H amino acid domains were align@d nearly identical elements that were ordered into representa-
using the multiple alignment option in CLUSTAL X33], tive groups of related elements (22 fBrbrucei and 21 forL.
followed by minor manual adjustments using MacClademajor). The elements in each group are depicteBim 2 Due
Version 4.06 (Sinauer Associates Inc.). The alignments ofo the higher number of DIREs in tHE cruzi database (238
the RT, EN and RH domains have been deposited at EMBlelements in the 1701 contigs >10kb, which represent approx-
with Accession numbers ALIGNI00836, ALIGN000837 and imately 1.2« coverage of the haploid genome), 192 TcDIREs
ALIGN _000838, respectively. Phylogenetic trees were genemere first ordered by comparing their nucleotide sequence. We
ated by the neighbor-joining and maximum parsimony heuristielefined 28 groups of related sequences, including a large family
methods as implemented in PAUP Version 4.0b10 (Sinauecomposed of 104 elements. Chimeric protein sequences were
Associates Inc.), using default parameters. Bootstrapping waben successfully reconstituted for a representative element of

also carried out using PAUP. 22 groups. As expected, all the 65 reconstituted proteins from
T. brucei (22), T. cruzi (22) andL. major (21), which repre-

3. Results sent a total 297 different DIRES, match with the trypanosome
non-LTR retrotransposons. The mean percents of identity with

3.1. Identification of degenerate Ingi/L1Tc-like sequences theingi product are 31.8-6.2% for ToDIRE, 29.6t 6.6% for

TcDIRE and 27.9+ 4.3% for LmDIRE {Table 1. The values
In the course of the genome project analysis, we anncare lower when TbDIRE and LmDIRE are compared with the
tatedingi and L1Tc elements based on respective nucleotidé1Tc product (15.7 3.7 and 25.5- 4.1%, respectively). Sur-

Table 1

Percentage of identity between the proteins encodedgiyL1Tc and DIRE

Group Subclade Numbr % of identity withing:® % of identity with L1T®
ingi ingi 1(85) - 23.8

L1Tc L1Tc 1(296) 23.8 -

TbDIRE1L ingi 3(13) 44.7 (33.8-62.0) 18.3 (14.1-21.0)
TbDIRE2 ingi 6(7) 29.5 (27.1-31.6) 14.1 (11.3-19.3)
TbDIRE3 ingi 9(11) 27.5 (22.7-33.0) 14.4 (10.2-19.4)
TcDIREL Ingi 6(11) 38.7 (33.8-42.4) 26.3 (18.9-32.6)
TcDIRE2 L1Tc 15(169) 26.4 (21.0-33.3) 25.7 (18.9-33.8)
LmDIRE LmDIRE 21(31) 27.9 (18.2-33.7) 25.5 (14.8-31.8)

@ Number of sequences compared with thg and/or L1Tc product. Number of sequences belonging to this family and annotated in the corresponding genome
is indicated into brackets.
b Range of values is indicated into brackets.
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Name Fam ACC N 7% aa
bp
26P815 ingi Acos7701 85 1657 15D
62i1 L1Tc AF208537 296 1574
Tblb TbDIREL AL929608 3 2 1678 Isp
Tb3.223a TbDIREl AC159414.1 9 2 1290
TbS9.146b TbLDIRE1 AAGZ00000000 1 1044
Tb9.146a TbDIRE2 AAGZO0000000 1 1 1649 (2sD)
Tb5.204c TbDIRE2 AC159419.1 1 1 1643 (1sD)
Tb2.19 TbDIRE2 AC007866 1 1 1264
Th9.23la TbDIRE2 AAGZO0000000 2 2 1237
Tb6. 44 TbDIREZ AC008146 1 1 35
Thla TbDIRE2 AL929608 1 1 344
Tb5.204a TbDIRE3 AC159419.1 2 1 1801 (sp) === (1sD)
Tb5.204b TbDIRE3 AC159419.1 1 1 1800 (msp) --=1 (28m)
Tb8.118a TbDIRE3 AC159416.1 1 1575 ?
Tb8.118b TbDIRE3 AC159416.1 1 1 1267
Th9.145a TbDIRE3 AAGZ00000000 1 1 1231
Th9.145c TbDIRE3 AAGZ00000000 1 1035
Tb2.34a  TbDIRE3 AC012647 1 1191
Th9.51 TbDIRE3 AAGZ00000000 2 1234
Tb6.214 ThDIRE3 AC084397 i 1 492
Tb7.125 - AC159437.1 1 987
Tb4.87a - AC087326 5 720
Th6.43 - AC007863 6 615
Th7.167a - AC159439.1 4 355
Tc503559 TcDIREL AAHK01000664 3 1254
Tc507229 TcDIREl AAHK01001018 4 4 662
Tc511131 TeDIRE1 AAHKO1000749 1 1 375
Tc511541 TcDIRE1 AAHK01001032 1 1172
Tc510783 TcDIREL AAHK01001403 1 508
Tc506483 TcDIREl AAHK01001067 1 502
Tc511099 TcDIRE2 AAHK01000302 104 79 1319
Tc508139 TcDIRE2 AAHK01000049 18 1379
Tc506309 TcDIRE2 AAHK01000335 16 1379
Tc511603a TcDIRE2 ARHK01000036 1 1419
Tc506939 TcDIREZ AAHK01000322 1 1 1282
Tc50384%9a TcDIRE2 AAHK01000893 1 1275
Tc507065a TcDIRE2Z AAHK01000714 1 1 1056
Tc510933 TcDIRE2 AAHK01000360 1 1137
Tc507069 TcDIRE2 AAHK01000143 1 1029
Tc510213 TcDIRE2 AAHK01000755 3 921
Tc510693 TcDIRE2 AAHK01000041 1 883
Tc511221 TcDIRE2 AAHK01000892 1 718
Tc508097 TcDIRE2 AAHK01000820 15 711
Tc510013b TeDIRE2 AAHK01000137 3 451
Tc506133a TcDIRE2 AAHK01000148 2 447
Tc510373 - AAHK01000685 4 537
LmiSc LmDIRE CT005258 3 1 1113
Lm30a LmDIRE CT005267 3 3 1120
Lm29a LmDIRE CP000080 2 1 741
Lmla LmDIRE AE001274 1 1 1183
Lml3a LmDIRE CT005252 1 648
Lm33b LmDIRE CT005270 1 469
Lmlla LmDIRE CT005250 2 892
Lm35d LmDIRE CP000081 1 327
Lm20a LmDIRE CT005259 3 537
Lm31ic LmDIRE CT005268 1 593
Lm32a LmDIRE CT005269 2 326
Lm31lb LmDIRE CT005268 1 270
Lm33c LmDIRE CT005270 1 225
Lm24a LmDIRE CT005263 1 250
Lm26a LmDIRE CTO005265 1 209
Lm33a LmDIRE CT005270 1 263
Lm28h LmDIRE CT005266 1 262
Lml2b LmDIRE CT005251 2 647
Lm29¢ LmDIRE CP000080 1 352
Lm27a LmDIRE CP000079 1 335
LmlS5a LmDIRE CT005254 1 335 EEEE— -

Fig. 2. Schematic map of the DIRE. A mapiagi, L1Tc and the selected representative of each group of nearly identical DIRES, is presented in the right panel.
The five TbDIRES, eight TcDIREs and 21 LmDIREs for which the protein could not be successfully reconstituted, are not shown. In the left paneltedé¢hrdic
names of the selected DIREs (“name”) along with their corresponding DIRE family (“Fam”), the accession number of the BAC, contig or chromosaing contai
the representative selected DIREs (“ACC”), number of elements in each group (“N”), number of elements containing the 79 bp signature in eachREsup of D
(“79bp”) and size of the reconstituted protein in amino acids (“aa”). In the right panel, the EN, RT and RH domains are represented by black boxgsyor ligh
boxes, corresponding to whether the domain was used or not for the phylogenetic analysis, respeigs/edy§. The leucine zipper motifs are indicated by dark

grey boxes. Gaps introduced in the coding sequences (double lanes) reflect the alignment of the retroelement product. The initiation (ATG)dang stoheo
beginning and the end of the coding sequences are represented by “A” and “S”, respectively. Dashes represent non-coding retroelement sequgatésend v
flanking the maps indicate that the extremity of the element is identified. When present &ettieehity, the bar indicates that the element contains the 79 bp
trypanosomatid non-LTR retroelement signature. An interrogation mark indicates thaitktee3nity is not known, while the stop codon was identified. Target site
duplication (TSD) means that the retroelement is flanked by an identified duplicated sequence of TSD-like sequence, suggestive of a relatiot aasposidon

event. Two groups of TbDIREs, represented by the Th3.223a and Tb6.43 elements, are interrupted by a RIME (non-autonomous non-LTR retrotnahsposon)
represented by an underlined “R”. All tHebrucei, T. cruzi andL. major sequences are available on GeneDRg://www.genedb.org
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1 YE ¥
-
99 Bilbo Drosophila subobscura
99 TRIM Drosophila miranda LOA
LOA Drosophila silvestris
100 SART1 Silkmoth
00 RTH Anopheles R1
100 25 R1 Drosophila melanogaster
99 99 SR1 Schistosoma mansoni
|10 CR1 Chicken CR1
Q Anopheles
. 99 TART-A Drosophila melanogaster
100 Jockey Drosophila funebris J ockey
96 NLR1Cth  Chironomus thummi
44 Tad1 Neurospora crassa Tad1
| Drosophila melanogaster |
R CRE1 Crithidia fasciculala
100 CRE2 Crithidia fasciculata CRE
100 100 CZAR Trypanosoma cruzi
SLACS Trnypanosoma brucei
100y Coxl (group Il intron) Saccharomyces cerevisiae
18SrRNA  (group Il intron) Escherichia coli
ATP9 (group Il intron) Marchantia polymorpha
0.1 changes

Fig. 3. Phylogenetic analysis of the RT domain. The phylogeny is based on approximately 450 aligned amino acid residues (alignment is avahaecesson
number: ALIGN.000836), corresponding to the entire RT domain of non-trypanosomatid non-LTR eleignts1Tc and DIREs. Very few highly degenerate

DIRE RT domains were removed from this analysis (grey boxdsdgn2). The 14 non-trypanosomatid non-LTR elements are representatives of the Jockey and |
groups which are the closest relativeio§i/L1Tc among the five previously defined non-LTR retrotransposon grgijp$he | group is comprised of the Tad1l,

R1, LOA, | andingi clades. This consensus tree was generated with the neighbor-joining method and rooted on the RT sequences of group Il introns. All numbers
next to each node, except those in italic, indicate bootstrap values as percentage out of 100 replicates corresponding to the tree generatiphindthjttieimgy

method. A similar pattern was also obtained by the maximum parsimony method for the lower part of the tree, which define the DIRE families (itatedselombe
nodes indicate bootstrap values as percentage out of 100 replicates). Names of each DIRE and number of elements constituting their group aeergdtawn in t
margin. The boxed DIREs contain the 79 bp trypanosomatid non-LTR retroelement signature and those with a dot are flanked by a TSD or a TSD-likeosequence.
non-trypanosomatid non-LTR elements and group Il introns, name and species of origin are given to the right. Arrows in the right margin indicateili2$RE f
(TbDIRE1/2/3, TcDIRE1/2 and LmDIRE), subcladésg, L1Tc and LmDIRE) and cladesgi, LOA, R1, CR1, Jockey, Tadl, | and CRE).
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prisingly, TcDIREs are apparently closerggi than to L1Tc  tion, the non-LTR retrotransposon RT domain is related to the

(29.6+6.6% versus 25.& 4.5%) (Table J). RT domain of group Il introns, which can be used as a closely
related outgroup to root the tr¢85]. A neighbor-joining phy-

3.2. Phylogenetic analysis of the trypanosomatid non-LTR logram for the RT domain of 3 group Il introns (outgroup), 4

retrotransposons trypanosomatid site-specific retroelements (CRE clade), 14 non-

trypanosomatid non-LTR elementsgi, L1Tc and 38 DIREs is

Using the reconstituted DIRE products, we attempted teshown inFig. 3 We find thatingi, L1Tc and all the DIREs
reconstruct the phylogenetic relationships between non-LTRppear to form a monophyletic clade distinct from all the other
elements from different eukaryotes, includiingi (7. brucei), non-LTR retroelements. This is supported by a high bootstrap
L1Tc (T cruzi) and DIRE. Phylogenetic analyses of the non-LTR value (98 and 91% for the neighbor-joining and maximum parsi-
retrotransposons are commonly performed on the RT domaimony methods, respectively). As previously described, | factor
which is the trademark of retrotransposons. RT phylogeny iglement is the closest relative of thei clade[34]. The ingi
statistically more robust than phylogenetic trees generated witblade can be subdivided into three subclades: the LmDIRE sub-
the EN and RH domains of retroelements. Indeed, among thelade contains all the LmDIRE, the L1Tc subclade is composed
non-LTR retrotransposon domains, RT is the most conservedfL1Tc and most of the TcDIREs and thei subclade contains
It is also the only domain present in all elements and it is thengi, all the TbDIREs and a few TcDIRESig. 3). Similar phy-
longest one{450 aa as compared t230 and~200 aa for the  logenetic analyses were performed on the EN and RH domains,
EN and RH domains, respectively). This increases considerablysing cellular domains as outgroupsds. 4 and 5 displaying
the number of evolutionary significant positioj#l]. In addi-  the same pattern as for RT. This includes the monophyly of the
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0.1 changes

Fig. 4. Phylogenetic analysis of the EN domain. The phylogeny is based on approximately 230 aligned amino acid residues (alignment is available under
Accession number: ALIGND00837), corresponding to the entire EN domain. This consensus tree was generated with the neighbor-joining method and rooted
the prokaryotic and eukaryotic housekeeping apurinic/apyrimidinic endonucleases (called “AP-endonuclease”) (for more deigil8).see
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Fig. 5. Phylogenetic analysis of the RH domain. The phylogeny presented is based on approximately 200 aligned amino acid residues (alignsielet isdeces
the Accession number: ALIGN00838), corresponding to the entire RH domain. This consensus tree was generated with the neighbor-joining method and rooted
on the housekeeping eukaryotic RH (called “RNAse H"), including those for four trypanosomatid species (for more deFds 3gee

ingi clade (ngi, L1Tc and DIRE) with the | factor element as the family (6 groups corresponding to 11 sequences) belongs to the
closest relative, the definition of three subclades correspondinggi subcladeig. 2).
to the three trypanosomatid species and the presence of a few
TcDIREs in theingi subclade. 3.3. Most of the DIRESs contain the trypanosomatid
On the basis of these three phylogenies, ®ebrucei  non-LTR retrotransposon signature
andT. cruzi DIREs form two and three families, respectively
(Figs. 3-5. The 3 TbDIRE families belong to thegi subclade, The protein-based phylogenetic analysis strongly supports
while for T cruzi, the TcDIRE2 family (15 groups corresponding the view that DIREjngi and L1Tc belong to the same clade of
to 169 elements) belongs to the L1Tc subclade and the TcDIREEtroelements and have a common ancestor in the trypanoso-
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Trypanosomatid non-LTR retrotransposon signature (79 bp)

ingi

Tblb TbDIREL (2)
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Fig. 6. Comparison of the DIRE f#&xtremity. The first 100 bp afigi (26P8i5), L1Tc (Tc507835) and DIRE containing the trypanosomatid non-LTR retrotransposon
signature were aligned with the introduction of gaps (.) to maximize the alignments. Identical residues are shaded in grey and the ATG or de@engiatio AT
codons are underlined. The position of the trypanosomatid non-LTR retrotransposon signature (79 bp signature) is indicated above the afignameifiaiday of

the aligned DIRE are indicated in the left and right margins, respectively. Number of identical or nearly identical elements containing theat@repgsigdicated

into brackets in the right margin and only the representative of each group is shown in the alignmEeig.(8ee

TeDIREL (4)
TeDIREL (1)
TeDIRE2 (79)

G GGAGACCANRGAC TeDIRE2 (1)
GGAGACCARGAC TcDIREZ (1)

CT.
Cl

matid lineage.ngi and L1Tc, which are 23.8% identical at we can exclude the possibility that DIREs code for their own
the protein level, are not conserved at the nucleotide leveketrotransposition. However, they could be mobilized using the
however, they share a conserved stretch of 7§3§). This  retrotransposition machinery encoded by active elements (such
79 bp sequence is also conserved in the short non-autonomoas potentially activéngi in 7. brucei and L1Tc inT. cruzi) as pre-
non-LTR retrotransposons identified il brucei (RIME)  viously observed in other eukaryotg8]. Recent mobilization
[24,25,37] and T. cruzi (NARTc) [36]. This suggests that of DIREs would imply the presence of a target site duplica-
this particular sequence, called the trypanosomatid non-LTRon flanking the element. However, the identification of TSD
retrotransposon signature (or 79 bp signature), has a criticaéquires the precise definition of the retroelement extremities,
role for trypanosomatid retroelement function. Interestingly,which is straightforward for members of conserved retroele-
the 79 bp signature is present at thestremity of one-third of ment families, such a&gi and L1Tc, but not obvious for highly
the 297 DIREs analyzed. This represents 108 elements, i.e. 8&generate elements.

TcDIREsS, 16 TbDIREs and 6 LmDIRESFigs. 2 and § which Fortunately, we were able to precisely define theX@remity
belong to the 6 different DIRE families (boxed DIRE namesfor 16 TbDIRES containing the 79 bp signature. They include six
in Figs. 3-5. The B-extremity of the other DIREs is truncated full length elements which contain the entire coding sequence

and consequently does not contain the 79 bp signature. followed by a putative poly(A) sequence considered as the
3-extremity of the elementsF{g. 2). The size of these full

3.4. Few DIREs are flanked by a putative target site length TbDIREs is similar tangi (5.25kb), including Thlb

duplication (5218bp) and Th9.231b (5258 bp), which are 88.9% identi-

cal at the nucleotide level. It is noteworthy that while Th1lb

An essential question is to determine whether the DIRE&Nd Tb9.231b are similar, they are flanked by very different
are still active. Due to their significant degree of degenerationS€duences, which suggests that these related DIREs are inserted

(Putative) (Putative)
TSD Non-LTR retrotransposon TSD

+1 +11 +5230 +5253

| i
ingi GTTTTCCGTGGGATCCT TTCTGTTATACA CCCTGGCGATG. . . CGARGAARAATTC -~ - —————m e aaaaaaaaaaa

TTCTGTTATACA CCCTGGCGATGCCGGCC (5253 bp)
Tblb ACAGATGTTCGATGCGA AAAACATGATGC CCCTGGTGATG. . .TGA-GATAATTGCGCGITATATT----——- AARAACATGATGC CCCTGCACCCGCAGCAG (5218 bp)
Tb9.231b TGECGAGCACATCACCA ARAARATGacGC CCCTGGTGATG. . .TGA-GGCAGTTGCACGTTAT-—---———--— AARAACTGCEGC TATCCAGACACTAACGC (5258 bp)
Th5.204c CTCTTTTTTTTACTAAA ATTtGCAGATTT CCATGGTGATG...CGAAG-CACGAGCACAATAAATG-CACAR ATTaGgAGATTT AGAAAAATTTTGGAATC (5286 bp)
Tb5.204a TTAAGAATTTTATATAA ATctatAAAtTT CCCTGCTGACG...TTAAGGTGTGTGCAGATTAAATG-CACAAT- ATtatgARACTT ATTTATTTTAAAGAACC (5696 bp)
Tb5.204b TACATATTTTATTAAAA ATTTTgaRaTaT ACATTGTGATT...TTGAGGCCGCATGCAAGTTAATTT--ACAATG ATTTTagAtTET TTATATATTTTAARATT (5688 bp)
Tb9.146a TGTGACCTTTTACTTTA acGGAAgaRtAT CCCTTGTGACE...ACAAGGAAAAA-CACECTCTCGAACACCTEC gaGGARatACAT AAARAGTGAACAGATACC (5014 bp)

Fig. 7. Comparison of the’'5and 3-adjacent sequences flanking DIREs. The alignment of the selegig@6P8i5) and DIREs and their flanking regions is based

on the retroelement sequence (headed “non-LTR retrotransposon”) from which only the first 11 bp and the last 23-37 bp are shown. In the retroeleteent seq
grey-shaded residues are conserved in the retroelement sequence, the poly(A) sequence is shaded in black and the ATG or degenerate AT@nsitzgon cod
underlined. Names and lengths of each elements are indicated in the left and right margins, respectively. Th9.231b belongs to the Tb1b graupjneticieeo
differents DIREs. Numbers above the alignment show the nucleotide positions of the sélgctdement. Conserved residues in the target site duplication (TSD)
or putative TSD are indicated by bold-faced and capital characters.
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in different sequences. Furthermore, this comparison is helpfuDIREs showed that: (i) all DIREs form a monophyletic group
to determine precisely both extremities of Th1lb and Tb9.231kbelonging to theingi clade, composed of thagi and L1Tc
Interestingly, Tblb is flanked by a 12bp identical sequenceotentially active elementd]; (ii) all 242 DIREs analyzed are
which fulfills the TSD definition Fig. 7). The size of the Tblb grouped according to their species origin, exceptlltruzi
TSD is also consistent with the 12 bp lonagi TSD[27]. Fur-  DIREs (TcDIRE1 family), which are closely related to tiie
thermore, Thlb (previously called TUBIS9]) is inserted at  brucei ingi and TbDIRE1 family {ngi subclade); (iii) theL.
the 3-extremity of aB-tubulin pseudogene (901 bp), which did major haploid genome contains 52 DIREs, although this species
not accumulate point mutations, since its sequence is identiwas previously believed to lack mobile elemerkiig( 8A). This
cal to the corresponding sequence of the ofixubulin genes  was widely accepted since none of the retrotransposons charac-
(1329 bp) found in thex-/B-tubulin cluster[40]. Altogether, terized so far it brucei, T. cruzi andC. fasciculata have been
this suggests that Th1lb has been recently retrotransposed imwbserved in thd.eishmania spp.[17]. Indeed, in the course of
thea-/B-tubulin cluster. This hypothesis is strengthened by thehis analysis, we did not detect any potentially active mobile ele-
absence of TUBIS-like sequence (Western blot analysis) in thenents in the completeld major genomg12,13] We have only
T. congolense genomel41] and database mining of the ongo- detected highly degenerate sequences (LmDIRES) phylogeneti-
ing T. congolense andT. vivax genome projects at the Wellcome cally related tangi and L1Tc. This clearly demonstrates that the
Trust Sanger Institutehftp://www.genedb.org/did not reveal Leishmania ancestor hosted activegi/L1Tc-like retroelements,
the presence of DIRE in the vicinity of the tubulin clusters. which have beenlost overtime to become vestigial retroelements
For the five other full length DIREs identified in thieébrucei  in the genome of the present daymajor.
genome, the situation is different. The 12 bp sequences flanking The fall and rise of retroelement subfamilies is well doc-
the elements are not identical, but 7 (Tb5.204b and Th9.146a)mented in multicellular eukaryotelgl2,43] However, the
to 9 residues (Th9.231b and Th5.204c) out of the 12 bp are corcomplete disappearance of all active mobile elements from
served Fig. 7), suggesting that these remnant TSDs, as well agukaryotes has not yet been demonstrated. Indeed, the only
the DIREs, have accumulated point mutations over time. Thipreviously sequenced eukaryotic genomes devoid of mobile
observation is suggestive of older retrotransposition events adements K. cuniculi [6], Cryptosporidium specieq9,10] and
compared to the Th1b aridgi elements. Plasmodium specieq7,8]) do not contain detectable traces of
Most of the 86T cruzi DIRES containing the 79 bp signature extinct elements. These unicellular eukaryotes probably lost
belong to the Tc511099 group (79 out of the 104 elementsnobile elements present in the genome of their ancestors, how-
composing this group). Interestingly, the analysis of theever, one cannot rule out the possibility tiaicephalitozoon,
5'-flanking sequence of these 79 DIREs revealed only 5 class&&yprosporidium and Plasmodium ancestors never contained
of nearly identical sequences, suggesting that these element®bile elements. The presence of solely degenerate dead
have relative site-specificity for insertion or they have beemon-LTR retroelements ih. major (LMDIRES), a close relative
duplicated together with their flanking regions (data not shown)of T. brucei and T. cruzi, which contain related potentially
Among the 86 TcDIREs containing the 79bp signature, 33active elements, clearly demonstrates that eukaryotic cells can
are full length, which corresponds to five groups of DIREseradicate active mobile elements from their genome. We can
(Figs. 2 and B None of these full length elements are flankedpredict that in the absence of active elements, LmDIRES will
by a TSD. However, three elements belonging to the Tc511098ontinue to rapidly accumulate mutations over time. Ultimately,
group are inserted in the middle of a VIPER LTR retrotranspo-descendants dieishmania will probably lose detectable traces
son that is present in 275 nearly identical copies in the haploidf extinct retroelements, as observed Brcephalitozoon,
genome (data not shown), suggesting recent retrotranspositi@ryptosporidium andPlasmodium species.
events. Most of the 1807. cruzi DIREs analyzed (TcDIREZ2) form
For L. major, we were not able to determine thleektremity ~ a monophyletic group with th& cruzi potentially active non-
of the six LmDIRES containing the 79 bp signatufgg( 6), LTR retrotransposons (L1Tc subclade) with the exception of 11
which enabled us to identify putative TSD for these elements. TcDIREs (TcDIRE1), which belong to thiagi subclade. The
presence of these few TcDIRESs in thei subclade could be
4. Discussion explained by horizontal transfer betweErbrucei andT. cruzi,
as proposed ifrig. 88. However, this hypothesis is unlikely,
Three classes of potentially active mobile elements haveince T. brucei brucei subspecies (including the sequenced
been characterized so far in the nuclear genome of trypanos@REU927 strain) and. cruzi are restricted to the African and
matids: the LTR retrotransposons (VIPER), the site-specifiGouth-American continents, respectively, due to the geograph-
non-LTR retrotransposons (SLACS, CZAR, CRE) and the nonical localization of their insect vector. These two continents
site-specific non-LTR retrotransposonsgf and L1Tc)[17]. separated approximately 130 million years ago. In the absence
TBLASTN analyses with the protein(s) encoded by these nonef a fossil record, the time of divergence between Salivarian
LTR retrotransposons revealed 456 highly degenerate sequendeganosomes (group containirfyy brucei brucei subspecies)
in the genomes of the three trypanosomatids sequenced so fand Stercorarian trypanosomes (group contaifingruzi) is
(T brucei, T. cruzi and L. major). All of these elements are unknown, however, it preceded the separation of the continents
related to theingi and L1Tc products. Phylogenetic analyses[15,44] In addition, no horizontal transfer has been described
of the reconstituted chimeric proteins encoded by 242 of thesgo far for non-LTR retrotransposons during the last 600 million
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Fig. 8. Evolution of the retroelements composing thg clade. (Panel A) Compilation of the phylogenetic analyses performddgs 3-5 The number of
identified elements composing the seven families of the three subclades (kgiTand LmDIRE) are indicated on the right. The;i and L1Tc families, which
contain potentially active retrotransposons are underlined. To tentatively explain the presénea®DIREs (TcDIREL) in thengi subclade (as shown in panel

A), two evolutionary scenarios are presented in panels B and C. Both hypotheses consider that all the elements compesitigdbelerive from an ancestral
ingi/L1Tc-like retroelement present in the common trypanosomatid ancestor. The first hypothesis is based on the unlikely horizontal transfe()f(eleiment
fromT. bruceito T. cruzi (panel B). The second hypothesis considers that the rate of mutation accumulation for some elements, boxed in panel A, is lower as compa

to the other elements of thiegi clade (panel C).

Fig. 9. Predicted secondary structure of theftremity of thengi and L1Tc mRNA. This analysis was performed on the first 149 ipggfand L1Tc using the Mfold
program, Version 3.1h{tp://www.bioinfo.rpi.edu/applications/mfold/old/rna/form1-2.3)d60]. The most stable structure, among the few predicted structures (five
for ingi and three for L1Tc) are presented. THeed conserved sequences (79 bpifigi and 78 bp for L1Tc) are shown by a thick black lane for the first 39 bp
(92% identity) and a thin grey lane the following 40 bp (57% identity). The three non-conserved residues in the first 39 bp conserved sequencebaractehnite

on a black background.
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yearq34], as opposed to LTR retrotranspos@#ts]. The reason ing that the 5-extremity of the mRNA encodinggi and L1Tc
for this difference may reside in the retrotransposition mechamight be protected against exonucleases. We propose that in the
nism of non-LTR retrotransposons (the target-primed reversabsence of the SL cap, the conserveddremity plays arole in
transcription reaction), in which the cDNA strand is reverse-structuring the mRNA extremity for stabilization and translation
transcribed from an RNA template directly onto a chromosomabf theingi and L1Tc mRNAs. mRNAs of other non-LTR retro-
target sit¢3], leading to the absence of free DNA element in thetransposons, as well as all eukaryotic mRNAs, are thought to be
cytosol. However, the absence of evidence does not mean thedpped. However, these questions have not been directly studied
non-LTR retrotransposons cannot be transferred horizontallyn the pas{54]. Interestingly, this 79 bp signature present at the
Considering that the horizontal transfer scenario is unlikely, we'-extremity ofingi and L1Tc is the only nucleotide sequence
propose that certain elements constituting g subclade, conserved in DIREs and is found in all the full length DIREs
such asingi, TODIREL (13 elements) and TcDIREL (11 ele- analyzed to date (108 elements). The reason of this conservation
ments), evolved at a lower rate as compared to the other elemernéspuzzling and may suggest that these DIRES, which presum-
(Fig. 8C). This hypothesis suggests that selective pressure waghly do not code for functional proteins, are expressed and may
imposed over time on these particular sequences forcing theffave an impact on the host genome.
to be conserved. In other words, these elements may have a par- Among the six full lengthf: brucei DIREs identified, only
ticular unknown function useful to the cell, preventing them toone (Tb1b) is clearly flanked by a 12 bp target site duplication.
accumulate point mutations. Interestingly, most of the TSD flanking thegi elements are

For that matter, Obado et al. recently showed that the locug2 bp long[27]. This suggests that the Tb1lb DIRE recently
required for the mitotic stability of. cruzi chromosome three moved into the tubulin gene cluster using thei machinery,
centers on a 16 kb strand-switch region composed of degeneratg the so-calledrans retrotransposition, which has been previ-
retrotranspososoii$6]. They proposed that this GC-rich region, ously described for other non-LTR retrotranspog88s55-57]
which contains a TcDIREL of the Tc507229 group, acts as #&or instance, the human L1 element displayssepreference,
centromere. Interestingly, the corresponding regiofi éfucei however, L1 can also function inans to retrotranspose mutant
chromosome 1, which is syntenic withcruzi chromosome 3, L1 RNAs and to generate processed pseudogenes, though at a
has been postulated to have centromeric properties on the basigich lower frequenc{38,55,56]
of a low recombination frequend#0] and contains a TbDIRE1 In conclusion, degenerate non-LTR retrotransposons related
belonging to the Th3.223a group. Thebrucei genome con- to the trypanosome potentially active elements were identi-
tains nine ThDIREL of this Tb3.223a group (the larger TbDIREfied in the L. major genome, indicating that active elements
group) located on five different chromosomes. The introducpresentin the trypanosomatid ancestors were lost in this species.
tionin T. brucei of an episomal plasmid containing a degenerateSince DNA transposons and retrotransposon-like elements were
non-LTR retrotransposon will be helpful to determine whetherpresent in prokaryotes, it was expected that primitive eukary-
TbDIRE1 sequences play a role in mitotic stability. otes also contained both classes of mobile elements. However,

The two presumed active families of retroelements ofigé  among the 15 unicellular eukaryote genomes sequenced so far
clade {ngi and L1Tc) are only 28.5% identical at the protein (http://genomesonline.org/5 genomes lack mobile elements.
level. At the nucleotide level, the first 39 bp and the follow- We propose that a significant fraction of unicellular eukary-
ing 40 bp constitute the only motif conserved betwéggiand  otic species or lineages have lost active mobile elements. Since
L1Tc (92 and 57% identity, respectively). The conservation ofmobile elements are selfish in the host genome, their secondary
this 79 bp motif in presumably active non-LTR retrotransposongoss could be the result of natural extinction. However, we can-
suggests that this sequence plays an important role in retroelget rule out the possibility that unicellular eukaryotes have
ment function. It has been proposed that thexremity of  developed a strategy to eradicate mobile elements from their
ingi and L1Tc contains an internal promoter responsible for thggenome.
transcription of the elemefd7], as observed for the numerous
non-LTR retroelements, including L1, Doc, | factor and Jockey
[48-51] However, Garcia-Salcedo et al. recently demonstratedcknowledgments
that the first 55 bp ofigi do not display any promoter activity in _
transient transfection assaf8]. Alternatively, this conserved ~ FB and TB were supported by the CNRS, the Conseil
5'-terminal motif might play a post-transcriptional role, such asRégional d’Aquitaine, the Minigtre de I'Education Nationale
observed for the cap present at tHeeStremity of all eukary- de la Recherche et de la Technologie. NES and co-workers
otic MRNASs, i.e. MRNA stabilization and translatifge]. In ~ Were supported by NIH Grants Al43062 and Al45038. MJL has
support of this hypothesis, none of thei and L1Tc mRNAs  received partial support from Howard Hughes Medﬁcal I.nstl—
contain the spliced leader cap added to thexiremity of all ~ tute (Chevy Chase, USA), FONCYT 1-14389 and University of
trypanosomatid mMRNASs byans-splicing[26,53] Comparison ~ Buenos Aires.
of the predicted RNA secondary structure of thgi and L1Tc
5'-extremities (first 149 bp) shows a similar organization pattern
although about half of the sequence is differéiig (9). Interest-

ingly, the 39 bp signature (92% identical betwéegiand L1Tc) [1] Capy P, Bazin C, Higuet D, Langin T. Dynamics and evolution of trans-
form a stem-loop involving the' Eextremity in G—pairs, suggest- posable elements. Austin, Tex: Landes Bioscience; 1998.
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