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Abstract

A high-resolution computer-based survey for transposable elements perfonned on 910 Kb

of rice genomic DNA sequences revealed the presence of both class 1and class II

transposable elements. Elements from most major families of plant transposable elements

were identified, and new groups were reported for these families. Miniature inverted­

repeat transposable elements (MITEs) are clearly the predominant type of transposable

element in the rice sequences examined. Phylogenetic analysis of the putative

transposases of several transposable elements indicated that Tourist-like miniature

inverted-repeat transposable elements (MITEs) are closely related to the bacterial

insertion sequence 5 (IS5) family of transposable elements, while Emigrant-like and

Stowaway-like MITEs are both related to members of the lS630rrcl/mariner superfamily

ofelements. Finally, the nucleotide sequences of MITEs, Ac-like, ~\t{lItator-like elements

(MULE), short interspersed nuclear elements (SrNEs) and other unclassified elements. as

well as their insertion polyrnorphism data have been used to reconstruct the relationships

between rice species in the AA genome. The use ofa combination of transposable

element data sets generated the most reHable cladograms.
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Resumé

Un sondage des éléments transposables présents dans 910 Kb de séquences d·ADN

génomique de riz a révélé la présence d'éléments de la classe [ et de la classe n. Des

éléments appartenant à la plupart des familles de transposon des plantes ont été identifiés,

et de nouveaux groupes sont rapportés pour ces familles. Les éléments du type MITE

(<<miniature inverted-repeat transposable element») sont nettement prédominants dans les

séquences de riz examinées. Des analyses phylogénétiques basées sur les transposases de

plusieurs transposons révèlent que les MITEs du type TOllrist sont apparentés à la famille

de transposons bactériens [55 (<<insertion sequence 5}»! alors que les MITEs du type

Emigrant et Stowaway sont tous deux apparentés aux membres de la superfamille de

transposons IS630/Tcl/mariner. Finalement, les séquences nucléotidiques d'éléments de

type MITE, Ac. MULE (<<l\;[utator-like element»), SINE (<<short interspersed nUclear

element») et d!autres éléments non classés! ainsi que leur polYmorphismes d'insertion ont

été utilisés pour reconstruire les relations phylogénétiques entre les espèces de riz ayant le

génome AA. Les cladogrammes les plus fiables ont été obtenus en utilisant des

combinaisons de données provenant de plusieurs transposons.
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General introduction

The first transposable element (TE) to be characterized was discovered by Barbara

McClintock in 1947. The activity of the Ac/Ds system of TEs was found to be

responsible for the unexpected phenotype (changing color of the kernels) observed in

maize (McClintock 1947; McClintock 1951; McClintock 1953). Afterward. TEs were

identified in virtually aIl organisms. The current classification ofTEs into classes is

based on their mechanisms of mobility. Most eukaryotic TEs identified can be classified

either in Class [or Class IL although sorne elements remain unelassified. Class [ TEs

move via an RNA intermediate that is reverse transcribed prior to integration into the

genome (Finnegan 1992; Grandbastien 1992; Kunze el al. 1997). Class Il elements are

often tenned DNA transposons, as they move directly as DNA fragments. They can both

excise and insert into a new location (Finnegan 1992; Flavell el al. 1994: Kunze et al.

1997). Elements from either class generate a duplication of the target site sequence upon

insertion.

Proteins encoded by several class [ and c1ass Il TEs share a specifie motif. which may

suggest a common evolutionary history between the two classes of elements. The

DD(DIE) motif had been identified in the transposases of members of severa! bacterial [S

families and within the integrase domain ofretroviruses and retrotransposons (Fayet et al.

1990; Kulkosky et al. 1992). Later this motif was determined to be present in the

eukaryotic counterparts of sorne transposon superfarnilies, such as the [S6301Tc l/mariner

superfamily (Capy et al. 1997; Capy et al. 1996; Doak et al. 1994: Langin el al. 1995:

Robertson and Lampe 1995; Vos and Plasterk 1994). The three residues are essential tor

transposition as they define a cation binding site necessary for cleavage and strand

transfer reactions (Kulkosky et al. 1992: Lohe et al. 1997; Vos and Plasterk (994). This

conserved region of the proteins has been used to clarify the phylogenetic relationships

among TEs from various organisms (Capy et al. 1997; Capy et al. (996).

[n plants, the major types of class [ TEs are retrotransposons that are delimited by long

terminal repeat (LTR) sequences, non-LTR retrotransposons or LINEs (long interspersed
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nuclear elements), and SlNEs (short interspersed nuclear elements) (Kunze el al. 1997).

LTR retrotransposons such as the tobacco Tntl (Grandbastien et al. 1989) and Ttol

(Hirochika 1993), the maize Bsl (Jin and Bennetzen 1989), the rice Tos17 (Hirochika el

al. 1996) are active plant Tyl-copia-like element, while the lily dell-46 (Smyth el al.

1989) and rice RIRE9 (Li et al. 2000) belong to the Ty3-Gypsy group of retroelements.

LINE-like elements include elements such as Cin.J in maize (Sch\varz-Sommer et al.

1987), del2 in lily (Leeton and Smyth 1993) and Ta/l-l in Arabidopsis (Wright el al.

1996) Plant SINEs have first been identified in rice (Mochizuki et al. 1992: Umeda el al.

1991).

Class II TEs are very diverse elements that can be grouped into superfamilies. Generally_

DNA transposons are delimited by terminal inverted repeat (TIR) sequences that are

typical of the family. The Ac-like superfamily (McClintock 1951: McClintock 1984»

groups elements such as the maize Activator (McClintock, 1947 #296; McClintock, 1951

#106; McClintock, 1953 #297), the Tam3 element from Antirrhinum (Hehl et al. 1991)

and TagI from the Arabidopsis genome (Tsay et al. 1993). The CACTA-like supertàmily

includes the maize Enhancer (Pereira et al. 1986), the element Tarn 1 from Antirrhinum

(Bonas et al. 1984) and the element Tnr3 found in rice (Motohashi et al. 1996). MULEs

include elements similar to the maize i\,t/utator element (Chandler and Hardeman 1992;

Robertson 1978). Soymar1 (Jarvik and Lark 1998) is a soybean TE that belongs to the

superfamily Tc l/mariner, which may be the class II TEs with the widest distribution

among living organisms (HartI et al. 1997a; HartI et al. 1997b; Plasterk et al. 1999).

Most miniature inverted-repeat transposable elements (MITEs) (Bureau et al. 1996;

Bureau and Wessler 1992; Bureau and Wessler 1994a; Bureau and Wessler 1994b) are

similar to Stowaway (Bureau and Wessler 1994b), Tourist (Bureau and Wessler 1992:

Bureau and Wessler 1994a) or Emigrant (Casacuberta et ai. 1998). Tourist and

Stowaway-like elements have been identified in both monocots and dicots_ while

Emigrant elements have first been identified in Arabidopsis and their presence in

monocots have not been reported yet. Recently, an element reported as Basho or Helitron

was identified in several plant species and in Caenorhabditis elegans (Kapitonov and

Jurka 2001: Le et al. 2000). This TE cannot easily be classified as either class l or class
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n. This element is apparentlya DNA transposon that moves via a rolling-circle

replicative mechanism, which does not generate target site duplications (TSD)

(Kapitonov and Jurka 2001).

TEs have been described as genetic parasites or junk DNA mostly based on the lack of

evidence for positive effects on the host genome, and because they can multiply and

become very abundant in those genomes (Doolittle and Sapienza 1980; Orgel and Crick

1980). Even with accumulating evidence for the contribution ofTEs to the plasticity of

host genomes. this conception ofTEs has persisted in the literature (Charlesworth and

Langley 1989; Engels 1996; Golding et al. 1986; Hartl 1988; Maynard Smith 1988:

Maynard Smith and Szathmary 1995: Starlinger 1993). No\vadays, most authors agree

that TEs do play an important role in gene and genome evolution and that they may be

seen as a source ofgenetic variability that is used in evolution (Bennetzen 2000: Cohen

and Shapiro 1980: Finnegan 1989; Flavell et al. 1994: Ginzburg et al. 1984; Kidwell and

Lisch 1997; Lozovskaya el al. 1995; Makalowski 2000: McClintock 1951: McClintock

1978; Nevers and Saedler 1977: Schwarz-Sommer et al. 1985: Wessler el al. 1995; \Vbite

et al. 1994). They are thought to promote evolutionary changes that may provoke

speciation (Mcdonald 1995; Mcfadden and Knowles 1997).

Specifically, TE insertions may alter the structure, expression and function of genes

(Britten 1996a; Britten 1996b; Coen et al. 1986; Flavell el al. 1994; Gierl et al. 1989;

Kid\vell and Lisch 1997; Mcdonald 1993; Mcdonald 1995; Schwarz-Sommer and Saedler

1987). They may contribute promoter regions or enhancer sequences. they may

contribute tennination or polyadenylation signaIs, or they may affect the splicing process

(Britten 1996b; Horowitz et al. 1984; Purugganan and Wessler 1992). TE insertions in

coding regions may result in inactivation of the protein or in the creation of an intron

(Flavell et al. 1994; Purugganan and Wessler 1992). At the genome level. the presence of

TEs obviously has an impact on genome size and may promote various chromosome

rearrangements as a result of the transposition process or in facilitating non homologous

recombinations (Flavell et al. 1994; Gray 2000: Kalendar et al. 2000). Although most

transposition events are probably deleterious to the host genome. the insertions that are
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beneficial or neutral have a good chance to survive and become a major component of the

repetitive fraction ofgenomes (Charlesworth and Langley 1991)

With more and more TEs being characterized~ it becomes obvious that these sequences

are fundamentai components ofgenomes and that TE-based strategies may be developed

for various types ofgenome studies (Enoki and AI. 1999; Kunze et al. 1997). For

example~ Ac (Fedoroffet al. 1984; Schultes et al. 1996), Tam (Bradley et al. 1996; Coen

et al. 1990), and i\t/U (Sensen et al. 1995; Martienssen et al. 1989) have been used for

gene tagging experiments in plant. Polymorphisms resuiting from the presence or

absence of a TE in a locus, are now used in phylogenetic analysis. Class [ elements were

found to be very useful markers, mostly because these elements do not excise (Hillis

1999; Lum et al. 2000; Miyamoto 1999; Shedlock and Okada 2000). For example.

SINEs and LINEs, insertion polymorphisms have provided new insights about the

relationships between toothed whales and their relatives (Nikaido et al. 2001). Because

theyare not weil documented in plants. SINEs insertions have mostly been used in

phylogenetic analyses ofanimal species. However. SINEs (Hirano et al. 1994) and

Stowaway-like MITEs (Kanazawa et al. 2000) insertions from rice have been

superimposed on previously published trees, insertion polymorphisms ofSINEs and other

TEs have been used to classify rice strains into groups (Mochizuki et al. 1993) and the

nucleotide sequences of homologous Tourist-like MITE insertions (lwamoto et al. 1999)

have been used in phylogenetic analysis in Oryza.

The objective ofthis project was first to characterize the TE content of the rice genome

by looking for repetitive sequences and typical TE structure in rice genomic sequences

and then to assay the use of transposable elements as phylogenetic markers in rice. The

rice genome has been selected because of the availability of large-insert genomic clone

sequences on public databases, and because very linle was known about rice TEs two

years ago. The rice genome has aiso been selected because severai phylogenetic analyses

of this genus~ using different types of markers and different methods. have been

published. Comparison of our results with the current literature was therefore possible.
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Logical bridges lin/dng the diffèrent chapters

As reported in chapter 1., a survey of transposable elements done in rice genomic

sequences. allowed for identification and characterization of several TEs (Turcotte et al.

2001). Also. a large Stolvaway element with an open reading frame (ORF) coding for a

putative transposase was identified. This ORf show amino acid similarity to ORfs of

members to the Tc l/mariner superfamily of transposable elements, while the TIRs and

TSD are clearly reminiscent of Stowaway elements. In a previous survey for

transposable elements in Arabidopsis thaliana (Le et al. 2000). a putative transposase for

a Tourist element had been identified. A similar survey performed on C. elegans

sequences also revealed large Tourist elements with ORfs (Le et al. 2001). The Tourist

ORfs from both species show amino acid similarity to transposase ofbacterial

transposable elements. \vhile the TIRs and TSD are clearly reminiscent of Tourisl. Also.

another group of researcher has identified a large Emigrant element in Arabidopsis

thaliana, which also has an ORf similar to those ofTcl/mariner-like elements. and TIRs

and TSD reminiscent to the Elnigrant MITEs (Feschotte and Mouches 2000). Tourist,

Stowaway and Emigrant are the three major types of MITE found in plants. Analysis of

their transposases revealed that they all possess the DD(DIE) motif common to several

class 1and class II TEs. Therefore, in Chapter 2., 1have studied the phylogenetic

relationships between Tourist transposase and bacterial IS sequences. In Chapter 3,

have investigated the phylogenetic relationships between Emigrant and Stowaway MITEs

and several members of the IS630rrcl/mariner superfamily. Since sorne TEs have been

shown to be useful in phylogenetic analysis. it appeared interesting to verify if elements

selected from different categories would be equally good as phylogenetic markers.

Therefore, in chapter 4, [ have amplified and sequenced ten TEs to assay TEs as

phylogenetic markers in nce. Also, the previously reported phylogenetic analyses of the

Oryza species were considered as a control, to evaluate the performance of TEs in

reconstructing the phylogenetic relationships.
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Abstract

Oryza saliva L. (domesticated nce) is a monocotyledonous plant~ and ilS 430 Mb genome

has been targeted for complete sequencing. We performed a high-resolution computer­

based survey for transposable elements on 910 Kb of nce genomic DNA sequences. Both

class 1and II transposable elements were present. contributing 19.9% of the sequences

surveyed. Class II elements greatly outnumbered c1ass [ elements (166 vs 22)~ although

class 1elements made up a greater percentage (12.2% vs 6.6%) ofnucleotides surveyed.

Severall\fulator-like elements (MULEs) were identified~ including nce elements that

harbor truncated host cellular genes. MITEs (miniature inverted-repeat transposable

elements) account for 71.6% of the mined transposable elements and are clearly the

predominant type of transposable element in the sequences examined. Moreover.. a

putative Stowaway transposase has been identified based on shared sequence similarity

with the mined MITEs and previously identified plant mariner-like elements (MLEs).

Members of a group of novel nce elements resembling the structurally unusual members

of the Basho family in Arabidopsis suggest a wide distribution ofthese transposons

among plants. Our survey provides a preview of transposable element diversity and

abundance in nce, and allows for comparison with genomes ofother plant species.
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Introduction

Repetitive sequences can account for a substantial portion of many eukaryotic genomes.

Most of the moderately repeated sequences are mobile genetic elements~ also called

transposons or transposable elements (TEs) because they have the potential to insert into

new genomic locations. TE insertions typically result in the duplication ofa target

sequence (target site duplication, TSD). The classification of TEs is based on their

different modes ofmobility (Charlesworth et al. 1994). Class 1elements, or

retroelements, move via an RNA intennediate that is reverse transcribed prior to

integration into the genome (Finnegan 1992; Grandbastien 1992). Once inserted~ class [

elements cannot excise. These elements include retrotransposons~ which are usually

tlanked by long terminal-repeats (LTRs) and may harbor the genes that encode the

proteins required for their reverse transcription and integration (Finnegan 1992; Kubis et

al. 1998). Other class 1elements such as non-LTR retrotransposons or LINEs (long

interspersed nuclear elements)~ SINEs (short interspersed nuclear elements) and

processed pseudogenes are structurally diverse and typically tenninate with a poly-A+T

rich tai!. Class [elements in plants are predominantly members of the Tyl-copia and

Ty3-gypsy groups of LTR-retrotransposons, although both LINEs (Flavell et al. 1994:

Leepton and Smyth 1993) and SINEs (Hirano et al. 1994; Mochizuki et al. 1992; Umeda

et al. 1991) have been reported.

Class II elements. often termed DNA transposons. can bath excise and insert into a new

location (Finnegan 1992; Flavell 1994). They typically possess terminal inverted-repeats

(TIRs), may encode a transposase~ and are highly variable in length. ~(any well-described

two component element systems such as the Ac/Ds (McClintock 1951; McClintock 1984;

Scortecci et al. 1999), Spm/dSpm (Fedoroff 1999; Masson et al. 1989; Raina et al. 1998)

and AluDRllvfu (Chandler and Hardeman 1992; Lisch et al. 1999; Robertson 1978;

y oshida et al. 1998) were first described in maize and were originally discovered by

genetic analysis and subsequently cloned from mutable host alleles. Ac/Ds. SpmldSpm

and i\lluDRI}vlu represent the archetypal elements defining the Ac-like.. CACTA-like. and

A-lutator-like element (MULE) plant TE superfamilies., respectively.
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Computer-based sequence similarity searches in plants have detected an abundant group

of short eLements «500 bp) with conserved TIRs and a 2 or 3 bp target site duplication

(TSD) (Bureau and WessLer 1992; Bureau and Wessler 1994a; Bureau and Wessler

1994b; Bureau et al. 1996; Wessler et al. 1995). These elements. called MITEs (miniature

inverted-repeat transposabLe eLements), are defined as either Tourist-like. having a target

site preference for 5·-TAA-3 \ or Slowaway-like. having a target site preference for 5~-

TA-3 ~ . Although the vast majority of MITEs lack coding potential and are obviously non­

autonomous~ Tourist-like elements containing ORfs encoding a putative transposase have

been recently described (Le el al. 2000).

Olyza saliva L.~ cultivated rice, is a model monocotyledonous plant. [ts genome of -430

Mb is small relative to other grass species (Messing and Llaca 1998). Rice has recently

been targeted for complete sequencing by an international consortium (International Rice

Genome Sequencing Project http://rgp.dna.affrc.go.jp/). As a general rule~ genome size is

correlated to the amount of repetitive sequences (FlavelL et al. 1994; Uozu el al. 1997:

Wang et al. 1999). Clusters of genes in a conserved order suggests collinearity of

segments of chromosomes between grass genomes except that intergenic regions in plants

with large genomes (e.g. maize) have numerous nested retrotransposons, which are less

frequent in grasses with small genomes (e.g. rice) (Bennetzen el al. 1998; Feuillet and

Keller 1999). Copy number estimates using hybridization protocols indicate a low

abundance (100 copies per haploid genome) ofTyl-copia retrotransposons in the O.

sativa genome (Wang et al. 1999). SINEs, which predominate in mammalian genomes.

are also present in the rice genome (Hirano et al. 1994; Mochizuki et al. 1992; Umeda et

al. 1991). Their corresponding insertion polymorphisms have been used to fingerprint

rice strains (Mochizuki et al. 1993) and hence may reflect recent mobility. Numerous

MITEs have been identified in the non-coding regions of rice genes (Bureau et al. 1996:

Bureau and Wessler 1994a; Bureau and Wessler 1994b; Ohtsubo and Sekine 1996).

Likewise, Ac-like elements have been rnined in the 3· flanking region of the rice disease

resistance gene .L'fa2l (Song et al. 1998). The presence of MULEs in rice was first

suggested by the identification ofcDNAs coding for a polypeptide sharing amino acid
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similarity with MURA~ the transposase for MuDR elements ofmaize (Eisen et al. 1994).

Also, a CACTA-like element called Tnr3 (transposon of rice 3) is present in multiple

copies in rice (Motohashi et al. 1996). Moreover, previous computer-based surveys of

rice TEs in 105 genomic gene sequences (Bureau et al. 1996)~ a 66 Kb region containing

the ~Ya-21 complex gene locus (Song et al. 1998), a 340 Kb region containing Adh1-Adh2

(Tarchini et al. 2000), and over 73,000 short genomic fragments (Sequence Tagged

Connectors or STCs) representing over 50 Mb ofgenomic sequence (Mao et al. 2000)

revealed that many of the previously described plant TEs have representation in the rice

genome and that MITEs appear to predominate. The approaches used in these surveys

were based on shared sequence similarity and subsequent examination of past mobility at

a time when only a limited amount of rice sequence was available (Bureau et al. 1996;

Song et al. 1998)~ on sequence similarity ""ith previously identified TEs and TE-related

ORfs (Mao et al. 2000) or on repetitiveness (Tarchini et al. 2000). [n this report~ we have

taken advantage of the availability of sequences from severallarge-insert genomic clones

and carried out a high-resolution survey of TEs in rice utilizing shared sequence

similarity~ structural analyses, and demonstration of past mobile histories.
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Materials and Metbods

Transposon mining

The sequences of six large-insert genomic clones obtained from GenBank

(http://www.ncbi.nlm.nih.govl) cover 910,705 bp ofrice genomic DNA located on

chromosomes 1 (GI5922603), 6 (GI5091496, 6006355, and 6069643), 10 (GI5042437)

and Il (GI5670l55). The complete sequence ofeach clone has been initially examined by

using a slirling \vindow of4 Kb in size as a query in sequence similarity searches against

the GenBank database between September 1999 and January 2000 (BLAST 2.0: Altschul et

al., 1990; hnp://\V\v\v.ncbi.nlm.nih.govlblastl). Smaller size fragments \Vere used for

further analysis and subsequent sequence similarity searches were performed up to

August 2000. Sequences that shared significant similarity to the query (BLAST score) 80)

were compiled_ excluding sequences annotated for non-mobility related genes, as weIl as

simple sequence repeats. Thus, the compiled sequences are assumed to belong to the

same "group' ofrepetitive sequences. In addition, BLAST2 (Tatusova and Madden 1999)

\vas used to identify putative TEs with LTRs or long TIRs by comparing each clone \\'ith

its reverse complement. The compiled repetitive sequences were categorized as TEs

based on nucleotide sequence similarity, structural features (TIRs. LTRs and poly-A+T

regions), coding capacity and target site duplications (TSDs). TEs were sorted into

previously described groups of TEs based on shared nucleotide or amino acid sequence

similarity and shared structural similarity. With the exception of structurally novel TEs,

element groups \Vere given generic names based on previously established TE families or

superfamilies. Groups \vere defined as novel if the members were. to the best of our

knowledge, not cited in the literature or annotated in the sequence file (as of August

2000). Within a group individual elements were further identified by the 01 number of

the clones where they occurred. Amino acid sequence similarity was determined from

annotated ORFs (pSi-BLAST) or from predicted amino acid sequences (BLASTX). In order

to provide evidence tor the past mobility of ne\vly identified TEs and to confinn the

tennini of the mined elements. we performed a search for sequences related to empty sites

(RESites; Le et al. 2000). RESites were found using the TE flanking regions as queries in

sequence similarity searches (BLAST) against the GenBank databases. The pairwise
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comparison of the RESite and the TE-bearing sequence may reveal a gap corresponding

to the position of the TE and the TSD. Detailed information regarding the elements rnined

from the 910 Kb ofrice genomic DNA sequences may be accessed on our World-Wide

Web site at http://soave.biol.mcgill.ca/rice/.

Data analysis

Nucleotide sequence alignments were performed using PILEUP from the UWGCG

(University of Wisconsin Genetic Computer Group, Madison, Wl, USA; version 10.0)

program suite. Within-group percent similarities were obtained from pairwise

comparisons (BLAST and BLAST2), and G+C contents were obtained using COMPOSlTION

(UWGCG). G+C contents of sequences flanking intact TEs were calculated as previously

described (Le et al. 2000).
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Resalts and Discussion

Using computer-based sequence similarity searches, we systematically mined TEs from

six large-insert clones, totaling 910 Kb. Four clones are within euchromatic regions

(0[5922603,5091496,6006355, and 6069643) while the other two clones have not been

mapped (GI5042437 and 5670155; http://rgp.dna.affrc.go.jp/Seqcollab.html). Each clone

had a similar gene density with approximately 30 genes/clone or 1 gene for every 5 Kb of

sequence. Our searches revealed 204 repetitive sequences (Table 1), which belong to 69

different groups according to their shared sequence similarity (see Experimental

Procedures). Most ofthem (134 sequences) belong to 28 previously described groups of

class [ and II TEs, based on shared sequence similarity, characteristic TSO lengths and

sequences, and structural features such as LTRs, TIRs and poly-A+T regions. Forty-one

ne\v groups ofTEs (69 repetitive sequences) were revealed in our survey. Sequences

related to empty sites (RESites; Le et al. 2000) have been identified for sorne group

members of the 41 new TEs. The pairwise comparison of the RESite and the TE-bearing

sequence may reveal a gap corresponding to the position of the TE and the TSO. RESite

analysis confirmed the termini of these elements and provided evidence for past

transposition events (Figure l).

The contribution ofrice TEs to the portion of the genome surveyed is -19.9% (Table 1).

and the estimated average density is one TE for every 4.5 Kb of genomic ONA. Nested

insertions (six TEs) account for 2.9% of the mined transposons. Forty-six TEs (22.5%).

including the mined LINEs and E"Cplorer elements, appeared to he truncated at one or

both termini; these elements are unlikely to be currently mobile.

Based on sequence similarity to previously reported retroelements. we classified 22

mined sequences as class [ TEs (Table 1). Ten are Ty3-gypsy retrotransposons and two

are Tyl-copia retrotransposons. Four Ty3-gypsy solo-LTRs were identified with two

clements immediately flanked bya 5 bp TSO. The solo-LTRs shared high sequence

similarity to the LTRs of the corresponding full-length elements. Overall. we detected 5

times fewer Tyl-copia elements than Ty3-gypsy elements. The copy number ofTyl-
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copia elements in rice bas been estimated by Southem hybridization to be as low as 100

copies per haploid genome (Wang et al. 1999). However, our data suggests that the Tyl­

copia copy number may be significantly higher. This discrepancy may reflect the

sequence diversity among rice Tyl-copia retrotransposons and the likelihood that element

distribution is not uniform (CSHLIWUGSCIPEB Arabidopsis Sequencing Consortium

2000; Dong et al. 1998; Presting et al. 1998). Five ORfs related to the reverse

transcriptase ofLINEs were identified. Because only a few copies were available. we

could not define the termini ofthese putative LINEs based on sequence alignments: many

plant LINEs exist as diverse 5~ truncated copies (Grandbastien 1992; Okada el al. 1997).

Four short sequences were classified as p-SlNEs~ an element group originally

characterized from the rice Waxy gene (Hirano et al. 1994; Mochizuki et al. 1992: Umeda

et al. 1991). Iwo ofthese are presumably truncated copies, because they partially align

with annotated p-SINEs but lack a poly-A+T region and a TSO; RESites \Vere not found.

Class II elements clearly outnumber class 1elements in the surveyed rice clones. MULEs

and MITEs are the predominant TE types. Two novel elements were mined that share

TIR sequence similarity and target sequence size (i.e. 8 bp) \vith members of the Ac-like

superfamily. A single CACTA-like TE with 31 bp TIRs, a perfect 3 bp TSO. but no

corling capacity. was identified based on shared sequence similarity with a recently

published rice CACTA-like element (Tarchini et al. 2000). MULEs constitute a very

heterogeneous TE superfamily defined by long TIRs and a typical9 bp TSO (Chandler

and Hardeman 1992; Le et al. 2000; Yu et al. 2000). Seventeen rnined elements falling

into ten groups were classified as MULEs based on the presence ofTIRs (83-571 bp). and

a 9-10 bp TSO. Within a group. the TIRs show high sequence similarity (>80%), while

the internaI sequences are more variable; this result is consistent with l'v!U elements in

maize (Talbert and Chandler 1988; Talbert et al. 1989) and a recent study of MULEs in

A. thaliana (Yu et al. 2000). For example, the internaI sequence of MULE­

VIII:G15091496a and MULE-VIII:G15091496b differ by two indels (265 and 616 bp) and

share 40-45% sequence similarity. MULE-VII:GI5922603 and 2 members of MULE­

VIII (GI5922603 and 6006355) represent truncated versions oflarger MULE-VIII

members. These short copies coincide with only the TIRs, but are not tlanked by direct
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repeats as in the case of class 1solo-LTRs. These apparent ··solo~~ TIRs may belong to

truncated or degenerated MULEs that share no internai sequence similarity with other

rnined members. Recombination between TIRs may be involved in generating these

elements. In fact, inter-element recombination has been suggested to he a probable means

for generating diversity among A. thaliana MULEs (Le et al. 2000). Alternatively,

mobility of"solo',! TIRs by a mechanism similar to bacterial IS (insertion sequence)

movement, could explain the presence of these elements as weil as the presence of MULE

members sharing high TIR sequence similarity and low or no internai sequence similarity

(Iida et al. 1983; Talbert and Chandler 1988). MULEs lacking TIRs (non-TIR MULEs)

have been identified in A. thaliana (Le et al. 2000: Yu et al. 2000) but no definitive non­

TIR MULEs were identified in the rice sequences surveyed.

Five mined MULEs contain a region corresponding to an annotated ORF or with

similarity to hypothetical proteins or unkno\\tn proteins, but none have similarity to the

maize J.\;/uDR transposase~ MURA. Therefore, ail the mined MULEs from the surveyed

clones are presumably nonautonomous elements and require a MURA-like transposase

from a corresponding autonomous MULE for mobility (Hershberger et al. 1995). At least

one member of MULE-nL V, and VII on other recently sequenced large-insert clones

have internai regions that share amino-acid sequence similarity with mudrA of maize

(Mao et al. 2000; Tarchini et al. 2000; data not shown; Figure 2a). Six mined MULEs

contain short regions sharing high sequence similarity with host cellular genes. The

internaI sequence of five members (one element from the surveyed clones and four

additional elements on other clones) of the MULE-I group includes a 105 bp region~

which shares 90-95% nucleotide similarity with the 5~ halfof the rice 55 rDNA gene (GI:

20162. position 58-162) (Figure 2a and h). In addition. MULE-IV:GI5042437 contains a

159 bp region that is 83% similar to a rice PCF2 binding protein gene (GI:2580459.

position 333-493) (Figure 2c and dl. The acquisition oftruncated cellular genes. perhaps

resulting from illegitimate recombination and repair events (Bennetzen and 5pringer

1994), has been recently reported as a common feature of MULEs inA. thaliana (Le et al.

2000; Yu et al. 2000). While only one complete MULE-IV element is present in the

current database. the finding of several copies at various locations indicates that MULE-(
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has transposed since the acquisition of the 5S rDNA gene fragment. Finally, although

there were no sequence annotations for the mined MULEs, several elements overlap with

one or two exons ofapparently misannotated hypothetical proteins.

MITEs have been identified in several organisms, suggesting that they are ubiquitous

components ofeukaryotic genomes. In plants, the primary families of MITEs, Tourist­

like and Stowaway-like, were originally reported by Bureau et al. (1992, 1994a, 1994b,

1996). Structural features such as the short length (74-490 bp), the presence ofTIRs, a

low G+C content, a target site preference for the dinucleotide 5--TA-3' (Stowaway-like

elements) or the trinucleotide 5'-TAA-3' (Tourist-like elements)_ and the potential to

form stable secondary DNA structures are characteristic of the MITE superfamily

(Bureau and Wessler 1992~ Bureau and Wessler 1994b). These criteria were used to

classify 146 repetitive sequences as MITEs (Table 1); these fall into 40 distinct MITE

groups, ofwhich 23 are first described in this paper. Within a group, members are very

homogeneous in size and share 85-95% nucleotide sequence similarity.

Seventy rice Stowaway-like elements were further divided into 24 different groups based

on sequence similarity; 16 of these are newly described. Generally_ these elements have

TIR lengths varying from 22-95 bp and an average G+C content of 28% consistent with

previously reported MITE groups (Bureau et al. 1996; Bureau and Wessler 1992; Bureau

and Wessler 1994a; Bureau and Wessler 1994b; Song et al. 1998; Wessler et al. 1995).

Members of the nce Stowaway-like groups share the terminal most sequence of their

TIRs that is S--CTCCCTCCRT-3' (consensus where R corresponds to G or A) (Figure 4)

and ail have a 5'-TA-3' target site preference.

Members of the Tourist-like family of MITEs slightly outnumber Stowaway-like elements

with 76 elements identified falling into nine previously reported and seven ne\vly

discovered groups. These new elements have the general features of MITEs as described

above, and are flanked by a 3 bp TSD and an average G+C content of 34% typical of

other Tourist-like elements (Table 1). Based on nucleotide substitutions and indels_ the

rice Tourist-I group can be further subdivided into three distinct subgroups (data not
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shown). Surprisingly, while no other MITE or other mined TE sho\\ted significant

similarity (BLA5T score> 80) to sequences from another plant genome! several TOllrist-I

elements shared 85% overall sequence similarity with Tourisl elements from Sorghllm

bie%r (Figure 3). This level ofconservation between the rice and Sorghum MITEs may

reflect a cross-species transfer (i.e. horizontal transmission)! as previously suggested

(Zhang and Kochert 1998). Horizontal transmission has been weil documented for class 1

and II TEs and is proposed to he a possible escape mechanism from host inactivation

(Daniels et al. 1990; Jordan et al. 1999; Robertson 1993). In fact, the TOllrisl-I elements

with high sequence similarity to e1ements in S. bie%r appear to have been active in rice

recently; seven nearly identical e1ements were mined from the surveyed clones.

Barring horizontal transmission, the presence of several Slowaway-like groups and

Tourist-like groups may reflect e1ement diversification during the evolution of the rice

genome. Sorne MITE groups with high sequence similarity (>900/0) but tèw

representatives.. such as Slowaway-II. Slowaway-IV. Slowaway-V~Stowaway-VII. and

Tourisl-VI are most likely recently evolved groups. MITEs account for 71.6% of the

mined rice TEs (Figure 5 and Table l)! or! in terms of sequence contribution! one-tifth

(19.6%) of the mined TEs nucleotide sequences. Therefore, our results continu the clear

predominance of MITEs in the rice genome (Bureau el al. 1996; Mao et al. 2000;

Tarchini et al. 2000).

A new family of transposable elements called Basho has been recently identified in A.

Ihaliana (Le et al. 2000). Basho elements are very abundant in Arabidopsis. making up

one-fourth of the overall TE content. Basho members in A. thaliana faIl into seven groups

and are characterized by a mononucleotide ··r- TSD and a terminal sequence motif.. 5·­

CHH...CTAG-3' (H=A, T, or C; Le et al. 2000). Curiously, based on sequence and

structural characteristics.. Basho cannot be easily classified as either a class 1or Il

element. We have identified three Basho elements fonning one group in rice from the six

rice clones surveyed. These elements are variable in size (1098-1975 bp) and do not have

ûRfs. Like the Arabidopsis elements. RESite analysis indicate that rice Basho elements

have a target site preference for the mononucleotide ··T' and a similar terminal sequence
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signature (Figure 1~ data not shown). The occurrence of these elements in rice and

Arabidopsis strongly suggests that Basho may well be present in many plant genomes.

In addition to the rice Basho TEs~ other difficult to categorize elements were mined in our

survey. These include the previously identified elements referred to as Crackle and

Explorer. The first described Crackle element was reported to have TIRs and a 6 bp TSO

(Song et al. 1998). Despite being highly repetitive, we could not identify another Crackle

e1ement with this TIR structure. E:cplorer was also found to be repetitive, but the tenninal

ends couid not be resolved and. as a result~ no TSO couid be detennined (Bureau el al.

1996). UnfortunateIy. RESites that couid have elucidated the identity ofthese elements

couid not be identified. In contrast, RESites corresponding to members from three other

unusuai element groups were found (Figure 1). The first of these unclassified group of

elements (unclassified-I) is defined by a 9-11 bp TSO with no apparent TIR, LTR or

poly-A+T structures and have terminal sequences that differ from non-TIR MULEs (Le el

al. 2000: Yu et al. 2000). The second group (unclassified-II) has a 9 bp TSD and aiso

lacks many of the structural features of other elements but has tennini that are reminiscent

of Arabidopsis non-TIR MULEs; however, no element in this group has yet been

identified containing a mudra-like ORf (Yu et al. 2000). The element previously

identified as l\;/icropon (GI numbers 4586619, 4586620, 4586621~ 4586622, and

4586623) forms the third group. Corresponding RESites are difficult to interpret but it

appears that l\t/icropon may have TIRs~ TSDs, and/or preference for insertion into TA

microsatellites (data not sho\\n).

What are i.\t/ITEs?

Recently, Tourist-like MITEs with ORfs related to prokaryotic 15 (insertion sequences).

have been identified in A. thaliana (Le et al. 2000). These elements were found based on

shared sequence similarity between Tourist-like MITEs and longer representatives.

Similarly. we have identified Stowaway-like MITEs with sequence similarity to a longer

rice sequence. Speeifically, most rice Stowllway-like elements share 70-1000/0 nucleotide

similarity with the termini of a previously reported nee TE (Tarchini et al. 2000). This
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element is 5263 bp in length and was classified as a mariner-like element (MLE)

(Tarchini et al. 2000) because its single ORF shares 47% amino-acid sequence identity

(67% amino-acid sequence similarity) with Soymar1~ a soybean MLE (Jarvik and Lark

1998). Strikingly, Soymarl also has TIRs similar to other Stowaway-like TEs. Taken

together, these data strongly suggest that the Stowaway family ofelements is

evolutionarily related to e1ements belonging to the Tel/mariner superfamily.

Furthennore~ Stowaway is more related to Tc l/mariner elements than to Tourist; in

addition to an obvious relationship between ORFs~ Stowaway and Tcl/mariner elements

have a target site preference for the dinucleotide 5~-TA-3" whereas TOllrist-like elements

have a target site preference tor 5~-TAA-3 ~. The eukaryotic class II elements making up

the Tc lImariner superfamily can be subdivided into three families~ namely mariner. pogo

and Tcl (Plasterk et al. 1999). The TIRs ofStowaway elements, including Soymarl and

the nce MLE. are very different from TIR sequences of members of the pogo and Tc1

families. Although members of the mariner family can have TIRs that also differ from

pogo and Tc l elements, the Stowaway TIRs are unique. Lastly, other putative ORFs~

which share as much as 67% amino-acid sequence similarity with the rice MLE

transposase~ could he identified in nee genomic sequences~ but TIRs could not be

identified. These presumably represent near full-Iength elements that are degenerated

copies or have suffered from deletion events.

Comparison with other genomes

A systematie survey of TEs has been reeently performed on -17.2 Mb ofA. thaliana

genomic sequence (Le et al. 2000). Class 1elements (Tyl-copia, Ty3-gypsy~ SlNEs and

LlNEs), class II elements (MULEs~ MITEs.. pogo-type MLEs~ Ac-like and CACTA-like),

as well as Basho were mined. The transposon content is therefore qualitatively similar in

the genomes ofA. thaliana and nce. The abundanee of individual groups of TEs is

distinctive (Figure 5~ Table 1). For example. Basho elements are very numerous in the

Arabidopsis genome contributing over one-fourth of the elements mined in a recent

survey (Le et al. 2000). In our survey, Basho elements aecount for <2% of the elements

mined. MITEs are 26.4 times more abundant in nce than in A. thaliana. The latter harbors
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one MITE for every 163.8 Kb ofgenomic DNA surveyed, which is considerably less than

the estimated genomic density ofone MITE for every 6.2 Kb in rice. Furthermore, MITE

insertions account for 71.6% of the TEs found in rice, while the proportion of MITEs in

A. thaliana is 16.7% (Le et al. 2000) (Figure 5). Also, the proportion of nucleotides

contributed by rice TEs is 19.9%, which is much greater than the 4% (Meyerowitz 1994)

and 5.3% (Le et al. 2000) previously reported for Arabidopsis.

A recent study of Arabidopsis TEs indicated that several elements (Basho, MITEs,

MULEs, and MLEs) were preferentially found within A+T-rich regions of the genome

(Le et al. 2000). Using the same approach (see Experimental Procedures), we determined

that the G+C content of the regions flanking rice MITE insertions is significantly lower in

G+C content than the average rice genomic G+C content (43%) in the sequence of the six

clones surveyed. Beginning approximately 500 bp from t..h.e MITE insertion sites. there is

a graduaI decrease in G+C content to :::::35% immediately adjacent the MITEs. We also

determined that Stowmvay-like MITEs contribute more significantly than Tourist-like

MITEs ta this pattern and May reflect a distinction between these MITE types. With so

fe\v examples of intact members of the other TE groups, no correlation with A+T-rich

regions could be determined. The patterns observed for MITE insertions within the rice

and Arabidopsis genomes May indicate purifying selection against insertions within G+C

or gene-rich regions or May retlect a bias for MITE insertions into the most A+T-rich

regions of the genomes. Although this type ofanalysis has ooly been performed on

Arabidopsis and rice elements, it is tempting to speculate that this phenomenon May be

evolutionarily conserved.

Differences in the abundance of transposons within the O. saliva and A. thaliana genomes

may reflect differential success of specifie element types. The underlying mechanisms for

success is not known but May reflect differences in the efficiency of repression

mechanisms such as homology-dependant gene silencing and methylation. as well as

differences in the level ofectopie recombination and gene conversion events (Kidwell

and Lisch 2000). Co-adaptation between transposons and their host genomes, such as

restriction ofTE activity to specifie tissues or insertion preferences for non-coding
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regions (Kidwell and Lisch 1997) may a1so contribute to their differential success. In fact,

sorne class n elements in maize preferentially insert near genes and not within

retrotransposon-rich intergenic regions (Bennetzen et al. 1998; Cresse et al. 1995; Mao et

al. 2000; Zhang et al. 2000). In addition, MITEs (Avramova et al. 1998; Tikhonov et al.

2000) and MULEs (Le et al. 2000) have been suggested to contribute sequences to matrix

attachment regions (MARs), which are often located in introns and in the flanking regions

of genes. ln Arabidopsis, distribution analysis suggests a general negative correlation

between gene and TE density and an enrichment ofTEs in heterochromatic regions

(Copenhaver et al. 1999; CSHUWUGSCIPEB Arabidopsis Sequencing Consortium,

2000; Lin el al. 1999; Mayer et al. 1999). Unfortunately the sequence of contigs or large­

insert clones from comparable regions is currently unavailable for rice. Nevertheless,

understanding the diversity and distribution ofelements within the rice. Arabidopsis and

other plant genomes will provide the basis for further functional and regulatory

characterlzation. Our report exemplifies that thorough TE mining is a key part ofgenomic

cartographyand, ultimately, will help determine the role of TEs in gene and genome

evolution. TE mining will also provide information useful in the developrnent ofgenome

mapping~ genome fingerprinting, gene isolation and gene functional analysis

methodologies (Chang et al. 2000).
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Table 1. Occurrence ofTEs in 910 Kb of Oryza saliva L. genomic sequences

no. of no. of sequence contribution contribution to

groups TEs [no. ofnucleotides (%)] TE content (%)

Class 1

Tyl-copia 2 2 23,991 (2.6) 1.0

Ty3-gypsy 5 10 65,994 (7.3) 4.9

LlNEs 1 5 18.997 (2.1) 2.5

SlNEs 1 4 843 (0.1) 2.0

Undetennined a 1.104 (0.1) 0.5

SUBTOTAL: 10 22 110,929 (12.2) 10.8

Class Il

Ac-like 2 2 1,158 (0.1) 1.0

CACTA 1 1,017 (0.1) 0.5

MULEs 10 17 22.458 (2.5) 8.3

Stowawo/-like
24 70 16,112 (1.8) 34.3

MITEs

Tourist-like
16 76 19.487 (2.1) 37.3

MITEs

SUBTOTAL: 53 166 60,232 (6.6) 81.4

Other

Basho 3 5,016 (0.6) 1.5

Crackle 240 (0.1) 0.5

Explorer 5 931 (0.1) 2.5

J\-ficropon-like 2 530 (0.1) 1.0

unclassified 2 5 3,592 (0.4) 2.5

TOTAL 69 204 181,470 (19.9) 100

a, could not detennine ifthis solo LTR belongs to Tyl-copia or Ty3-gypsy.
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Figure l. RESites (see Experimental Procedures) corresponding to sixteen of the mined

rice TEs. The pairwise comparison of the RESite and the TE-bearing sequence may

reveal a gap corresponding to the position of the TE and the TSD. The TSD is underlined

and the TIRs are represented by arrows. GenBank GI (geninfo) numbers and nucleotide

positions are indicated.
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Figure 2. Acquisition of truncated host cellular genes by members of MULE-I and

MULE-IV. (a) and (h) Diagram and nucleotide sequence aIignment of the rice 5S rDNA

gene (GI:20162, position 58-162) and the MULE-[ elements (G[:6006355, position

26919-27023). Five MULE-I representatives contain a 105 bp region with high nucleotide

similarity (>90%) to a portion of the rice 5S rDNA gene. The black boxes represent the

acquired fragment of the 5S rDNA gene, the boxes with dots represent the remaining

internai sequence of the element, the boxes with an arrow represent the TiRs (common to

all MULE-I elements), and the gray boxes represent the internai sequence oftwo

representatives having no internai sequence similarity to other MULE-I members. The

element on 01:8096366 contains an ORf encoding a degenerate mudrA-like gene.

Conserved nucleotides are shaded in black in the alignment. (c) and (d) Diagram and

nucleotide sequence alignment of the rice mRNA for PCF2 (G[:2580439, position 492­

334) and the tvlULE-[V element (01:5042437, position 21095-21253), which contain a

149 bp region showing high nucleotide similarity (>83%) to a region of the rice PCF2

rnRNA sequence. The black boxes represent the acquired fragment corresponding ta the

PCF2 rnRNA, the boxes with dots represent the remaining internai sequence of the

element, the boxes \vith an arrow represent the TIRs. Conserved nucleotides are shaded in

black.
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Figure 3. Similarity between rice and Sorghum TOllrisl-I elements. The alignment of the

consensus nucleotide sequences derived from Sorghum bie%r TOllrisl elements and

seven TOllrisl-I elements from Oryza saliva. The conserved nucleotides are shaded in

black, the partially conserved nucleotides are shaded in gray~ and dashes represent gaps

introduced to maintain an optimal alignment.
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Figure 4. Similarity between TIRs and TSD ofriee Stowaway-like and Tcllmariner-like

elements. Soymarl is a soybean Tel/mariner element (Jarvik, 1998; 01:3386533). The

three terminal-most nucleotides are deduced from a smaller copy ofthis element (Jarvik

1998). The element on the genomie clone, GI:6979318 (position 227,524-232,786), is

annotated as a Tc I/mariner-like transposon (Tarchini el al. 2000). The TSD is underlined.

nucleotides sharing over 60% similarity are shaded in black, and the number in

parentheses corresponds to the nueleotides not shown.
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Figure 5. Comparison of the TE content between Arabidopsis thaliana and Oryza saliva.

The values on the x axis indicate the proportion of mined TEs corresponding to each type

ofTEs from the y axis. No pogo-like MLEs were mined in nee. SINE: ~hort interspersed

nuclear ~lement: LINE: long interspersed nuclear ~lement; MLE: mariner-like ~lement:

MULE: 1\1111alor-like ~lement; MITE: miniature inverted-repeat !fansposable ~lement.
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Figure 6. G+C content of the regions flanking the insertion site of various types of rnined

TEs. The number in parentheses correspond to the number ofTEs used in the

calculations. TE types with <20 non-truncated members could not he analyzed.
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CHAPTER2

Te8. a Tourist-like transposon in Caenorhabditis elegans
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Abstract

Members of the TOl/ris! family ofminiature inverted-repeat transposable elements

(MITEs) are very abundant among a wide variety ofplants~ are frequently found

associated with nonnal plant genes and thus~ are thought to be important players in the

organization and evolution of plant genomes. In Arabidopsis, the recent discovery ofa

TOl/ris! member harboring a putative transposase has shed new light on the mobility and

evolution of MITEs. Here~ we analyze a family of Tourist transposons endogenous to the

genome of the nematode Caenorhabditis elegans (Bristol N2). One member ofthis large

family is 7568 bp in length, harbors an ORf sirnilar to the putative Tourist transposase

from Arabidopsis and is related to the [S5 family ofbacterial insertion sequences (IS).

Using database searches. we found expressed sequence tags (ESTs) similar to the putative

TOllrist transposases in plants~ insects and vertebrates. Taken together. our data suggest

that TOllrist-like and [S5-1ike transposons form a superfamily of potentially active

elements ubiquitous to prokaryotic and eukaryotic genomes.
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Introduction

Transposons are mobile genetic elements found in most~ if not aIl, prokaryotic and

eukaryotic genomes. Typically~ transposons are defined as either class I~ members of

which move via an RNA intermediate (e.g. retrotransposons), or class IL members of

which move directly as DNA (e.g. Tcl/mariner, Ac/Ds~ En/Spm) (Berg and Howe 1989).

MITEs are transposons found in abundance among a wide variety of plant genomes.

They are typically short (-100 to 500 bp)~ with conserved tenninal inverted repeats

(TIRs)~ have a potential ta fonn a stable DNA secondary structure (i.e. a hairpin

structure), and generate a 2 or 3 bp target site duplication (TSO) upon integration. Based

on their TSO size and sequence, MITEs can primarily be divided ioto Tourist-like (5'­

TAA-3') and Stowaway-like (5'-TA-3') families ofelements (Bureau and Wessler (992).

MITEs are usually found in intimate association with genes and occasionally contributing

cis-regulatory sequences (Bureau and Wessler 1994a; Bureau and Wessler 1994b). For

these reasons, theyare thought ta play an important role in the evolution of plant genomes

(Wessler et al. (995). Although ubiquitous in plants, there are only few reported MITEs

from other eukaryotes such as fungL insects. C. elegans, Xenoplls. teleost fish. and

humans (Besansky et al. 1996; Feschotte and Mouches 2000; Izsvak et al. 1999: Oosumi

et al. 1995; Smit and Riggs 1996; Tu 1997; Unsai and Morgan 1995; Yeadon and

Catcheside 1995). However, many of these MITEs are structurally similar to

Tc lImariner-like elements though members with ORfs are typically not available. The

reason behind this difference in MITE abundance between plants and other organisms,

and how this difference impacts host genome evolution, is not clear.

Since MITEs with coding capacity were previously unknown~ the mechanism underlying

their transposition remained elusive. Structurally, MITEs are reminiscent of non­

autonomous de1etion derivatives ofclass Il transposons. presumably mobilized in lrans

by a transposase from a related autonomous element located elsewhere in the genome.

Recently however, ORfs coding for putative TOllrist transposases trom Arabidopsis

lhaliana (Columbia) and Stowaway transposases from Arabidopsis and Oryza saliva
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(domesticated riee) have been found, clearly defining MITEs as class Il transposons (Le

et al. 2000; Tureotte et al. 2001).

Further analysis of the putative Arabidopsis TOllrist transposases indieates that Touris!

elements are more related to specifie baeteriallS., a large and heterogeneous group of

simple inverted-repeat transposons widespread arnong prokaryotes (Le et al. 2000;

Mahillon and Chandler 1998), than they are to Stowaway. Detailed analysis of the

putative transposases eneoded by Stowaway suggests that these elements are related to

members of the Tel/mariner transposons (Le el al. 2000), Turcotte and Bureau.

manuscript in preparation), a widespread superfamily of elements with representatives in

vertebrates., invertebrates and fungi. Phylogenetic studies of transposases and integrases

revealed that Tc l/mariner elements., members of diverse baeterial (S elements.,

retroviruses and retrotransposons share conserved eatalytic residues (Doak el al. 1994),

known as the DDE motif., suggesting a eommon ancestry and even more widespread

distribution.

Traditionally, transposons \vere identified and analyzed through genetic and molecular

studies. However, the availability of sequence information and bioinformatic tools has

now allowed for the identification and characterization of transposons through computer­

assisted searches of sequence databases (Britten 1995; Bureau and Wessler 1992; Bureau

and Wessler 1994b; Le et al. 2000; Oosumi et al. 1995; Surzycki and Belknap 1999;

Surzycki and Belknap 2000). In C. elegans, moleeular. genetic and sequence database

search tools have revealed the presence of diverse representatives ofboth classes of

transposons. Among these, Tel is probably one of the best charaeterized eukaryotic

class Utransposon and has been etTeetively used as a mapping, mutagenesis and gene­

tagging tool (Greenwald 1985; Plasterk and van Luenen 1997; Rushforth et al. 1993;

Williams et al. 1992). Te1 transposition and regulation has been finely dissected at the

molecular and biochemieal levels (Plasterk and van Luenen 1997). Most Tc l elements

have a 54 bp TIR delimited by a 5'-TA-3' TSD. Autonomous Tel encodes a 343 amino

acid transposase. whieh is the only protein required for transposition (Plasterk and van

Luenen 1997; Vos et al. 1993: Vos et al. 1996). Tc1 copy number can vary from 10-15

66



fold depending on the C. elegans strain and element aetivity is cell-type dependent

(Egilmez et al. 1995). In Bergerac, Tc 1 excision is detected in both somatie and germline

cells whereas it is restricted to somatic cells in Bristol N2 (Egilmez et al. 1995; Eide and

Anderson 1988; Plasterk and van Luenen 1997; Vos et al. 1993; Vos et al. 1996).

Recently, mut-7 was found to encode a RNaseD homolog in C. elegans and may be

involved in the regulation of transposon activity by post-transcriptional gene silencing

(Ketting et al. 1999).

Tc 1, Tc2, Tc3, and Te7 are members of the Tcl/mariner superfamily found in C. elegans

(Collins et al. 1989; Dreyfus and Emmons 1991; Levitt and Emmons 1989; Rezsohazy el

al. 1997). In addition, other types of transposons endogenous to C. elegans include LTR

(long terminal repeat)-retrotransposons (Bowen and McDonald 1999; Britten 1995), non­

LTR retrotransposons (or long interspersed nuclear elements) (Malik and Eickbush 1998)

and hAT (or Ac)-like elements (Bigot et al. 1996). Elements designated as Tc4 and Tc5

were initially c1assified as foldback transposons (Collins and Anderson 1994; Yuan el al.

1991) but further analysis oftheir putative transposases revealed that they contain a DDE

motif suggesting a distant relationship to the Tc 1/mariner elements pogo. Tigger f and

Tigger2 (Robertson 1996; Smit and Riggs 1996). Tc6 also has a foldback structure but its

terminal sequences and TSDs are reminiscent ofthose of Tc lImariner transposons

(Dreyfus and Emmons 1991). A number ofMITEs have also been identified in C.

elegans (Oosumi et al. 1995; Oosumi et al. 1996; Surzycki and Belknap 2000; The C.

elegans Sequencing Consortium 1998) but these were not found to be related to Tourist.

To date, Tourist transposons appear to be confined to plant genomes.

In this report, we analyze two predicted ORfs in C. elegans that share amino acid

similarity to the putative Arabidopsis TOllrist and bacterial IS transposases. The same

ORfs were also identified independently by sequence similarity to an Arabidopsis

element called Harbinger but no further attempts were made to characterize these

putative C. elegans elements (Kapitonov and Jurka 1999). We determine that one of the

C. elegans ORfs is part of a Tourist-like element whieh belongs to a large group of

nematode transposons. referred to as TeS. The majority ofTc8 members are short (150 to
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400 bp), can potentially form DNA-hairpins and have TIRs and TSOs similar to other

Tourist-like elements. The Te8 transposase shares similarity to a number of plant. inseet

and vertebrate EST sequences, indieating that the Tourisl farnily of transposons is

potentially active in other organisms. In addition, several eukaryotie genomie sequences

were identified with similarity to the Arabidopsis Tourist and C. elegans TeS

transposases. Together our data confirm the presence of Tourist-like transposons beyond

the plant kingdom and suggest that Tourist-like elements share a common aneestry with

specifie baeterial IS and are widely distributed in the prokaryote and eukaryote genomes.
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Malerials and Methods

Transposon mining

AIl sequence information and BLAST search tools (Altschul et al. 1990; Altschul et al.

1997) were accessed through GenBank (http://www.ncbi.nlm.nih.govl), the Genome

Sequencing Center (http://www.genome.wustl.edu/gsc/index.shtml) or the Sanger Centre

(http://www.sanger.ac.uk/Projects/C_elegansl).Tc8.1 was identified by using sequences

corresponding to putative MITE transposases from Arabidopsis (Le et al. 2000) as

queries in BLAST searches against the GenBank sequence database. Additional database

searches were perfonned to identify other C. elegans elements related to TcS.l (BLAST

score of> 80).

Identification ofRESites

Related empty sites (RESites) are sequences highly similar or nearly identical to the

sequences tlanking an insertion (Le et al. 2000). However! RESites do not harbor the

transposon sequence and the target site of insertion is not duplicated. RESites may

correspond to orthologous or paralogous sequences~ serve to delimit the ends of the

elements. determine the TSOs and suggest evidence of past mobility. The identification

of RESites was performed as previously described (Le et al. 2000). In briet: RESites are

identified using the region immediately tlanking an insertion as queries in BLAST

searches.

Data and phylogenetic analysis

Further sequence analysis and alignments were performed using TRANSLATE! PILEUP.

BESTFIT and GAP as part of the University of Wisconsin Genetics Computing Group suite

of programs (version 10.0) or additional BLAST search tools (BLASTP, BLASTX! TBLASTN,

PSI-BLAST and BLAST 2 sequences) provided at NCBI (Altschul et al. 1997; Tatusova and

Madden 1999). For phylogenetic analysis, the sequences surrounding the DDE motif of

the transposase of 14 transposable elements were manually aligned. based on previous

reports (Capy el al. 1996~ Rezsohazy et al. 1993). Phylogenetic relationships were

inferred with maximum parsimony (multiple trees heuristic search with Tree Bisection
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Reconnection) and neighbor joining methods from the PAUP program, version 4.0b4a

(Swofford 2000) from the amino acid sequence alignment shown in Figure 3. AIl amino

acids and stop codons \vere equally weighted. Unrooted trees were displayed using the

midpoint rooting method. Bootstrap analysis of the data set was done with 200 replicates.
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Results and Discussion

Computer-based searches using the amino acid sequence of the putative Tourist-like

transposases from Arabidopsis MITE X (conceptual translation ofgi 4454587, positions

4650-5865) and MITE XI (gi 4585884) as queries revealed the presence of similar coding

regions in several other plant, animal and eubacterial ESTs and/or genomic sequences.

For the most part, no other full-length plant Tourist-like element could be resolved and

likely reflects the presence of truncated or degenerate elements. Many of the eubacterial

sequences, however~ correspond to previously described mobile elements. Although. as

in the case of plants. the animal sequences typically did not lead to the identification of

full-length elements. a 7568 bp element was mined from the genomic sequence of C.

elegans. This element. designated as Te8.1, is located on chromosome 2 (clone

CELFI4D2. gi 2746790), has large imperfect TIRs~ a putative 3 bp TSO (5'-TAA-3') and

a predicted ORF coding for a hypothetical protein of743 amino acids (gi 7499082).

Overall. the presence of sequences with similarity to the Tourisl-like element transposases

in several eubacterial and eukaryotic genornes suggests a wide distribution.

Using the Tc8.1 nucleotide sequence as a query in computer-assisted database searches.

we found 282 related sequences within the C. elegans genome. Of these sequences, 128

represent shorter versions ofTc8.1 complete with TIRs and a specifie TSO sequence of

5'-TAA-3·. The remainder were truncated versions with only one discernable tenninal

end immediately flanked by the sequence S·-TAA-3'. Together, TcS.! and the shorter

intact and truncated elements comprise the TeS group of transposons within C. elegans.

Even though Tc8 elements are highly abundant in C. elegans. the total nUcleotide

contribution represents only 0.05% of the genome.

Strikingly, 63 members (~9%) of the TcS group are exactly 150 bp in lengili and share >

94% sequence similarity. Like plant Tourist-like members, these elements have the

potential to fonn hairpin-like DNA secondary structures. Excluding Tc8. L six members

of the Tc8 group were > l-kb in size but did not possess any coding capacity (Figure 1A).

For four ofthese larger elements. the increase in size is the result ofnested insertions of
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other types of transposons or repetitive elements. Evidence of past mobility for sorne

members ofTc8 was provided through the identification of related empty sites (RESites.

Figure 2)~ which are sequences similar to the empty site ofan insertion. Furthennore,

BLASTN searches also revealed the presence ofTc8 within the genome of the related

nematode C. briggsae (Figure IB)~ which is thought to have diverged from C. elegans

approximately 10-40 million years ago (Butler el al. 1981; Heschl and Baillie 1990;

Kennedy et al. 1993). To date, eight complete and tbree truncated Tc8 elements were

identified from C. briggsae genomic clones deposited in Genbank. Tc8 transposons in C.

briggsae vary from 95 to 368 bp in length and are not as weil conserved as are the TcS

e1ements in C. elegans (data not shawn). A complete list of the C. elegans and C.

briggsae transposons rnined in this survey is available at http://www.tebureau.mcgill.cal.

A second predicted ûRf (gi 7504556) was identified in the C. elegans genome and

shared 46.5% amino acid sequence similarity to the Arabidopsis Tourisl transposase.

However, neither TIRs nor TSD could be identified. This putative element did not share

nucleotide sequence similarity to Tc8 members and was not found to be repetitive in the

C. elegans genome.

In contrast to the 150 bp elements which appear to be recent insertions, TcS.l seems to be

an ancient insertion since it has accumulated at least four nested insertions and a

corresponding RESite appears degenerate (Figure 2). Altematively. Tc8.1 mobilization

occurred after a11 or sorne of the nested insertion events. An unusual feature of the nested

insertions within Tc8.l is the presence ofanother shorter member of the Tc8 group at the

same position in each of the TIRs. These elements are not identical (99.3% similarity

\\tith a single nucleotide substitution and an indel). Therefore. the nested elements could

be independent insertions which occurred at exactly the same location in the TIRs.

However, the level ofdivergence between the nested insertions is similar to the level of

divergence between both TIRs (data not shown). Thus, we cannot distinguish between

the possibility that they represent independent insertions or that the actual structure of

Tc8.1 TIRs is the result of a rearrangement, localized duplication. conversion or a

combination ofthese events. The (WO other nested insertions within TeS. L are located at

positions 26747-27109 and 29990-31095 (Figure 1) and are repetitive in the C. elegans
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genome. The insertion at position 26747-27109 shares > 85% nucleotide similarity with

members of a group of putative inverted-repeat transposons previously identified as Cele1

(Oosumi et al. 1995). However~ it appears to be a truncated insertion as element

boundaries or TSDs could not be clearly identified. The insertion loeated at position

29990-31095 is annotated in ACeDB as RepQ and~ upon closer examination,! displays

structural characteristics of IS630lfcl/mariner-like elements. It is not c1ear whether TcS

or any of the other elements within TcS.l preferentially insert into mobile elements. Such

a phenomena has been suggested to reflect a mechanism to minimize deleterious insertion

events in other organisms (SanMiguel et al. 1996; Vaury et al. 1989).

The short hairpin-like TcS elements are most likely deletion derivatives oflarger

elements. As in the case of other DNA-based transposons (i.e. dass H). the mobilization

and spread ofdeletion derivatives would be facilitated by transposase provided in trans

byan autonomous element located elsewhere in the genome. The high copy number of

very similar Tc8 elements may reflect recent activity. TcS.l could have been the source

of transposase which mobilized the 150 bp elements. It is unlikely. however, that Tc8.1

is presently active because the putative transposase ORf is disrupted by the Cele1

insertion (Figure 1). Alternatively,! a functional transposase may have been provided by a

fulliength TcS element which has been lost from the Bristol N2 strain. [t is also possible

that Tc8 elements, similar to the case ofTc7 which cao be mobilized by a Tel

transposase (Rezsohazy et al. 1997),! are currently being mobilized in trans by the Tc4

and/or TcS transposases as these transposons have structural eharacteristics similar to TeS

(see below). An abundance in shorter deletion derivatives is also observed for Tourist­

like elements in Arabidopsis and other plant genomes. The selective spread of shorter

elements may be a mechanism inherent in the transposition process of these elements or

may reflect an active hast mechanism to minimize element contribution to genome size.

Upan doser examination. the transposases from the Arabidopsis MITE X and XI

elements share amino acid similarity to members of the bacterial [S-I and IS5 tàmily of

elements suggesting a common evolutionary history (Kapitonov and Jurka 1999; Le et al.

2000). Likewise.. PS(-BLAST searches (Altschul et al. 1997) indicate that the TeS.l
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transposase aIso shares similarity to the same fS transposases. This similarity is restricted

to the N-tenninal region which contains the ODE motif found in rnany transposases and

integrases and is known to be essential in the catalysis of DNA integration step of

transposition (Rezsohazy el al. 1993). Members of the IS4 and IS5 families have

additional conserved residues proximal to the DDE motif: namely, the DX(G/A)(FIY) and

YX2RX3EX6K, or YREK, motifs neighboring the last aspartic and glutamic acid residues

(Rezsohazy el al. 1993). These motifs are also present in the putative Tourist

transposases (Figure 3). Although the YREK motifappears to be only partially conserved

in the putative Tourist transposases from C. elegans and Arabidopsis~ the invariant

arginine and glutamic acid residues are conserved (Figure 3).

Phylogenetic analysis using the region corresponding to the conserved DDE motif shows

that the Tc8 transposase clusters with the transposases from members of the IS5 element

family (Figure 4). Aceording to both maximum parsimony and neighbor-joining

analyses, Te8 is more closely related ta the other eukaryotie elements. Arabidopsis

MITE-X and -XI, than they are to bacteriallS elements. Moreover, the eukaryotic

TOllrist elements are more related ta bacteriallS5 members that generate a 3 bp TSD

(typically, 5'-TAA-3'). This suggests that the Arabidopsis and C. elegans TOllrist-like

elements have evolved from a common ancestral IS sequence. We cannot mIe out the

possibility, however unlikely, that the results ofour analysis reflect convergence of the

Tourist and 18 during evolution. With the identification of new Tourisl transposases from

other organisms, it will be interesting to test the hypothesis that eukaryotic Touris/

emerged from a common ancestrallS5 member. Nevertheless, these results suggest that

Tourist and bacteriallSS elements fonn an IS5lTour;st superfamily.

The tenninal nucleotides of the Tc8 TIRs are not ooly similar to plant Tourist-like TIRs.

but are also reminiscent to the TIRs ofbacterial IS elements. The preference for insertion

into the trinucleotide 5~-TAA-3· ofTc8. as confinned by the RESite analysis, isalso a

feature of other Tourist and IS5 elements (Figure 2, Table 1). Curiously, the 3 bp TSOs

and tenninal sequences ofTc8 TIRs are also reminiscent oftwo other well described

active transposons endogenous to C. elegans~ namely Tc4 and Tc5 (Collins and Anderson
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1994; Yuan et al. 1991). Even though Tc4 and Tc5 putative tansposases a1so contain the

DDE motif (Robertson 1996; Smit and Riggs 1996), no significant nucleotide or amino

acid sequence similarity could be detected beyond the TSDs and terminal nucleotides.

The TIRs and TSDs are important in transposase-mediated recognition of element termini

and catalytic cleavage of the target sequence, respectively (Fischer et al. 1999; van

Luenen et al. 1994). Consequendy, sequence similarity between the TIRs and TSDs of

different transposons suggests a common transposase specificity.

Although the identification of RESites provides evidence of past mobility, to date, no

TOllrist element has yet been shown to be currently active. Even though we could not

identify ESTs similar to the putative TOllrist transposases from C. elegans or Arabidopsis,

we did mine ESTs from other plant species, insects and vertebrates (Table 2). Additional

ESTs displayed high sequence similarity but only entries with similarities ta the

conserved motifs in the C-tenninal end of the query (Figure 3) are shown in Table 2.

These ESTs may correspond to the transposases ofdifferent Tourist element groups

(Table 1). Altematively, similarity to ESTs may not correspond to transposase expression

but may simply represent the transcription of Tourist elements which have inserted into or

near expressed genes. Unfortunately, genomic sequences corresponding to the EST

clones were not found but TBLASTN searches using Tc8 amino acid sequences did reveal

the presence of similar sequences in these organisms and in C. briggsae (data not shown);

discernable ends ofthese putative elements could be identified. Despite these~ it would

appear that Tourist elements are present and possibly active in these other genomes. The

lack ofcorresponding ESTs does not necessarily indicate lack ofTc8 activity.

Transposon activity in C. elegans is highly strain dependent. For example~ copy number

ofTcl elements can be 10-15 fold lower in Bristol N2 than in Bergerac BO (Egilmez et

al. 1995). ln Bergerac, Tc 1 excision aetivity in somatie eells is higher than in germ line

eells, indicating that element aetivity may be limited to specifie tissues or developmental

stages (Eide and Anderson 1988). ln sorne eukaryotes (e.g. higher plants), host-mediated

regulation such as DNA methylation may play a role in silencing transposon activity

(Hirochika et al. 2000).
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MITE insertions are often closely associated with nonnal plant genes (Bureau and

Wessler 1992; Bureau and Wessler 1994a; Bureau and Wessler 1994b). This is in

contrast to retrotransposons wrnch are frequently found as nested insertions within

heterochromatic regions (SanMiguel el al. 1996; Vaury et al. 1989). Although a more

detailed examination is required to detennine ifTc8 are preferentially found associated

with genes or contribute cis regulatory sequences't there seems to be a negative correlation

between Tc8 and gene distribution in C. elegans't where genes are clustered near the

center of the chromosomes (Figure 5). However, this is not as obvious on the X

chromosome where this gene c1ustering is less pronounced (Bames et al. 1995 ~ The C.

elegans Sequencing Consortium 1998). Interestingly, Tc8 abundance and distribution

relative to genes is sirnilar to what has been previously observed for Tcl elements in C.

elegans and Tourist-like elements in Arabidopsis't which has a genome ofapproximately

the same size as C. elegans (Korswagen et al. 1996; The C. elegans Sequencing

Consortium 1998).

Eukaryotic Tourist and bacterial 1S elements appear to have emerged from a common

ancestor. This is analogous to other eukaryotic elements, namely members of the

Tel/mariner superfamily, which are related to 1S630 family ofbacterial transposons

(Capy et al. 1996). Furthennore, many members of the Tel/mariner have been shown to

be transpositionally active. Although active mobilization of a TOllrist still needs to be

demonstrated, the identification of ESTs similar to TOllrist putative transposases suggests

that this family is not merely a collection of transposon relies. Thus't Tourist-like

transposons are potentially active elements related to the widespread bacterial 155

transposons't and together, members of the 1S5/Tourist superfamily have successfully

populated both prokaryotic and eukaryotic genomes.
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Table 1. TSO and TIR sequence similarity between insertion transposons

Element Host Organism TSD • Nucleoti ProteinTIR

de gi Nb. gi Nb.t

MITE X Arabidopsis tha/iana TAA GGGGGTGTIATIGGT 4454587 N/A~

MITE XI Arabidopsis tha/iana TAA GGTCCTGTTIGTITG 4235150 4585884

Te8 Caenorhabditis elegans TAA TGGGGTTATTCAAGT 2746790 7499082

155Sa Synechocystis sp. TAA GAGCGTGTTIGAAAA 1256581 § 1256580

[51031 Acetobacter xJllinlim TAA GAGCCTGATCCGAAA 349283 349284

1512528 Gluconobacter TCA GAGCCCTTTTGGAAA 2055292 2055293

suboxydans

15903 Escherichia coli 9-bp~ GGCTITGTIGAATAA 43025 581236

15H11 Halobacterillm ha/obium 7-bp"l GAGGGTGTCATAGAA 43507 43508

[56501 Bnlcella ovis TA-r CTAGAGCITGTCTGC 295859 454221

I55 E. coli (lambda KH 100) CWAR! GGAAGGTGCGAATAA 49080 455278

ISI12 Streptomyces a/bus TA: AGGGCTGTCCCGTAA 46594 581565

[5-193 Streptomyces /ividans ANT! GAGCGTITITCAACC 1707869 1196467

ISï02 Calothri."C sp. PCC 7601 CGTi AGAACTCITGCAAAA 40657 581004

15L2 Lactobacillus helvericlls AAT1 AGAGTIACTGCGAAA 763132 763133

Te4 Caenorhabditis e/egans TNA CTAGGGAATGACCAG 156456

Te5 Caenorhabditis elegans TNA CAAGGGAAGGTICTG 529006
..

• 15 bases oftenninal end sequences are shown (left TIR, from 5' to 3'). The actual

TIR may be longer or shorter. t Amino acid sequence used for phylogenetic analysis

(Fig. 4). : conceptual translation of gi 4454587 from position 4650-5865. § Sequence

sho\\tn in table is the reverse-complement of the sequence found on clone in GenBank.

If No TSO consensus sequence. Il TSO sequence infonnation extracted from the [S

database (http://pc4.sisc.ucl.ac.be/is.htrnl). W = A or T, R = A or Gand N = any

nucleotide. "" Not included in the phylogenetic analysis.
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Table 2. dbEST entries with TBLASTN similarity to the putative Tourist transposases

from C. elegans and Arabidopsis·

Quer/ Organism

C. elegans Bombyxmori

(TeS) Anophe/es gambiae

Danio rerio

Zeamays

Lyeopersieon hirsZilum

Sorghum bie%r

Ory=a saliva

G/ycinemax

Bos launls

Gal/us gal/us

Ory=a saliva

G(vcine max

Arabidopsis Lyeopersieon hirslltllm

(MITE-X Lyeopersic:on eseu/entum

and MITE-XI) Zeamays

Trilieum monococclim

Trtriclim aesrivum

Sorghum bie%r

Ory=a sariva

Danio rerio

Gal/us gal/lis

Bos launlS

Xenopus [aevis

Anophe/es gambiae

Mus muscu/us

Genbank Accession Numbe~

AV404936

AJ281674,AJ284723

AI882971

AW165620, AI783 120. AW165636, BE3459 15.

AWI72080

AW616734, AW616736

AW746 190

AU068684

AW759312

AW353649

AI98 1097

AU068684

AW759312

AW616734, AW616736

AW032471

AW438057. AW438058. AW000374. AW172080.
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• Entries listed have similarity to the DDE motifof the query sequence. t Amino acid

sequence used as query for C. elegans were Tc8.l (gi 7499082) and the second putative

C. elegans Tourist ORF (gi 7504556); for Arabidopsis MITE-X from gi 4585884 and

MITE-XI from the conceptual translation of gi 4454587, nucleotide position 4650­

5865. : Alignments can be viewed at http://www.tebureau.mcgill.ca/.
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Figure 1. Tourist-like elements in the C. elegans genome. (A) Diagram ofTcS members.

The majority of the elements are 150 bp and share high sequence similarity. Additional

longer members were found but were truncated. Dashes represent gaps and the hatched

box indicates the region (-300 amino acids) of the annotated ORf which is similar to the

C-terminal domain of other transposases. Boxes above TcS.l with inverted arrowheads

represent nested insertions. The TIR and TSD sequences of the nested Tourist-like

element are degenerate. GenBank gi numbers and positions ofelements on

corresponding clones are indicated ta the right and below, respeetively. (B) A TeS-like

group ofelements in the genome of C. briggsae. Nucleotide alignment of C. elegans Te8

from gi 2746790, position 2410S-24275 and C. briggsae Cb-TeS from gi 11095049,

position 34282-34399.
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Figure 2. RESites corresponding to TeS element insertions. The identification of

RESites suggests evidence of past mobility. Black boxes with inverted arrowheads

represent TeS insertions. GenBank gi numbers and position on clones are indicated.

Target sites are underlined and TSOs are in boldo
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Figure 3. Similarity between putative MITE and bacterial IS transposases. GenBank gi

numbers for amino acid sequences used in the alignment are indicated in Table 1. Amino

acid coordinates are indicated to the left. The conserved DDE residues are indicated

below the alignment. The DX(G/A)(YIF) and YREK motifs found in other IS families

(Capy et al. 1996) are boxed.
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Figure 4. Evolutionary relationship between TOllr;st and bacterial IS5 elements.

Phylogenetic analysis showing the relationship between the putative Tour;st transposases

from Arabidopsis (MlTE-X and -XI) and from C. elegans to transposases from bacterial

IS5 elements. GenBank gi numbers for amino acid sequences used in the alignment are

indicated in Table 1. Parsimonyand the neighbor joining trees (not shown) are aH

concordant with the placement ofTe8 transposases with representatives of the bacterial

IS5 family. The unique and most parsimonious tree, based on the alignment in Figure 3,

is shown (length =335, CI = 0.818, RI = 0.564). Numbers at the base ofnodes

correspond to boostrap values. Typical size ofTSDs are indicated to the right.
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Figure 5. Distribution ofTc8 elements in the C. elegans genome. Each Hne represents a

Tc8 insertion. Location ofTc8.1 is indicated. Scale is indicated at the bottom. The tirst

nucleotide position on chromosome is located at the top.
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CHAPTER3

Stowaway and Emigrant miniature inverted-repeat transposable elements share a common

evolutionary history with [S6301Tc l/mariner-like transposons
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The genomes ofplants, like virtually aIl other eukaryotic organisms, harbor a diverse

array of mobile elements or transposons. In tenns ofnumbers, the predominant type of

transposons in many plants is Miniature fnverted-repeat Transposable Elements or

MITEs. These elements are typicaIly short and have terminal inverted-repeats and target

site sequence preference. There are three archetypal MITEs known as Tourist. Stowaway

and Emigrant, each ofwhich can be defined by a specifie terminal inverted-repeat

sequence signature. Although their presence was known for over a decade. only recently

have open reading frames been identified that correspond to putative transposases for

each of the archetypes. Tourist-like MITEs along with prokaryotic IS5-1ike elements

fonn a unique transposon superfamily. Stowmvay and Emigrant. on the other hand, are

more similar to members of the previously characterized IS630/Tc I/mariner superfamily.

In this report we provide a high resolution phylogenetic analysis of the evolutionary

relationship between Stowaway. Emigrant, and members of the IS630/Tcl!mariner

superfamily. We sho\v that while Emigrant is closely related to the pogo-like family of

elements, Stowaway may represent a novel family.
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Introduction

Transposable elements (TEs) or transposons are fundamental components ofmost, ifnot

ail, prokaryotic and eukaryotic genomes. Though Many elements MOye through a RNA

intermediate and rely on the action of reverse transcriptase (Class I), still others move in a

DNA fonn through a ··cut and paste" mechanism (Class II). Class [ and II elements can

be divided ioto superfamilies based on shared sequence similarity, tenninal motifs,

coding capacity, and target site size and sequence. For example, the [S63D/Tcl/mariner

superfamily contains members from several prokaryotic and eukaryotic organisms. Sorne

elements, such as the recently identified Basho elements (Le et al. 2000) cannot be easily

classified into any known Class 1or II superfamily and remain enigmatic.

[n plants, a diverse number of transposons have been identified. Plants with very large

genomes are heavily populated with copia- and gyp.ry-like LTR (Long Terminal Repeat)­

retrotransposons (Class 1). Plants with smaller genomes have fewer Class [elements but

harbor numerous types of Class Il and other unclassified elements. The diversity of

transposons within plant genomes is also plant family dependent. For instance,

Arabidopsis thaliana, a dicotyledon and a member of the Brassicaceae, and Oryza saliva

(domesticated rice), a monocotyledon and a member of the Poaceae, both have smail

genomes but have different complements of transposons (Le et al. 2000; Turcotte et al.

2001 ).

Regardless of the plant species, MITEs (Miniature Inverted-repeat Transposable

Elements) appear to be highly abundant and in rice clearly predominate. Discovered

almost a decade aga through computer-based sequence similarity searches, MITEs were

initially divided into two types based on sequence and structural features and are defined

by the archetypal elements, Tourist and Stowaway (Bureau and Wessler 1992: Bureau and

Wessler 1994a; Bureau and Wessler 1994b). Recently, a third archetypal element has

emerged called Emigrant (Casacuberta et al. 1998). Ali three MITE types were originally

identified and characterised as non-autonomous elements due to a lack of coding capacity

and small size «500 bp) and were assumed to be Class nelements since theypossessed
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tenninal inverted-repeats (TIRs). Members of the three MITE types appear to have a

target site preference for either 5'-TAA-3' (Tourist) or 5'-TA-3· (Stowaway and

Emigrant). This feature appears to be unique among elements in plants. The location of

elements in AT-rich sequences extends beyond the target site as many MITEs are located

within AT-rich domains ranging from 500-1000 bp (Le et al. 2000; Turcotte et al. 2001).

It is unclear whether this is the result of purifying selection from Ge (gene-rich) regions

over evolutionary time or the consequence oftargeted insertions. Furthennore. sorne

studies have indicated that MITEs may preferentially insert near transcription units and

may, therefore, play an important role in plant gene evolution (Bennetzen 2000; Bureau

and Wessler 1992; Bureau and Wessler 1994a; Bureau and Wessler 1994b; Wessler 1998;

Zhang et al. 2000). MITEs are not restricted to plants. as elements have been reported in

insects (Braquart el al. 1999; Feschotte and Mouches 2000b; Tu 1997; Tu 2000), fishes

(Izsvak et al. 1999), nematodes (Le et al. 2001; Surzycki and Belknap 2000) and

mammals (Smit and Riggs 1996). Many of the MITEs appear to be structurally similar to

the members of the IS630/Tc l/mariner superfamily of transposons.

For many years. the re1ationship between the MITE types has remained unresolved since

no larger elements with coding capacity could be identified. However, analysis of

information generated from the Arabidopsis and rice genome sequence initiatives has

recently uncovered the first glimpses into the Tourist, Stowaway and Emigrant

transposases. Members oftwo Arabidopsis Tourist-like MITE groups were found with

coding capacity (Le et al. 2000). Although quite different at the nucleotide level, the

open reading frames (ORfs) from both MITE groups share a striking level of similarity in

their amino acid sequences. The Arabidopsis Tourist transposases share similarity with

bacteriallnsertion Sequences (IS), specifically with members of the IS5 family. In

addition. ORfs and expressed sequence tags (ESTs) with significant similarity to the

Arabidopsis Tourist transposases were identified in other plant and non-plant species. In

facto this information led to the identification ofa repetitive Tourist-like element in the C.

elegans (Bristol N2) genome, designated Tc8 (Le et al. 2001). A larger Stowaway

element was identified in rice that possessed coding capacity for a putative transposase

(Turcotte et al. 2001). This ORF shares high sequence similarity with another ORf
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harbored by Soymarl, a mariner-like element (MLE) from soybean (Glycine max) (Jarvik

and Lark 1998; Tarchini et al. 2000). The rice and soybean elements share 70-100%

nucleotide identity with the TIRs of shorter previously identified Stowaway elements and

have a characteristic 5'-TA-3' target site duplication (TSO) (Turcotte et al. 2001).

Despite their possible relationship with members of the IS630rrcllmariner superfarnily,

the Stowaway TIR sequence signature is unique. [n contrast.. the recently identified

transposase for Emigrant confirms its relationship with the [S630{fc I/mariner

superfamily (Feschotte and Mouches 2000a). The TIR signature sequence for Emigrant

and many members of the IS630rrcllmariner superfamily share similarity with the four

terminal-most basepairs, namely the catalytically important 5"-CAGT-3'. Furthermore,

Emigrant also has a preference for insertion into the dinucleotide 5'-TA-3' (Casacuberta

et al. 1998).

The Stowaway, Tourist, and Emigrant, transposases harbor a conserved motif called the

DD(DIE) signature (Feschotte and Mouches 2000a). The DDE motifhad been identitied

in the transposases of members of several bacterial IS families and within the integrase

domain of retroviruses and retrotransposons (Fayet et al. 1990; Kulkosky et al. 1992).

Later this motif was detennined to be present in the eukaryotic counterparts a f sorne

transposon superfamilies, such as the [S630rrcllmariner superfamily (Capy et al. 1997;

Capy et al. 1996; Doak et al. 1994; Vos and Plasterk (994). The DDD signature found in

pogo-like and mariner-like transposases is assumed to be homologous to the DDE motif

(Doak et al. 1994; Langin et al. 1995; Robertson and Lampe 1995a). The three residues

are essential for transposition as they define a cation binding site necessary for cleavage

and strand transfer reactions. Mutation in any ofthese residues abolishes activity

(Kulkosky et al. 1992; Lohe et al. 1997; Vos and Plasterk (994). This motif is present in

many transposases and integrases, suggesting a common evolutionary history between the

two classes of TEs.

We will provide in this report details ofan additional Stowmvay element harboring ORfs.

This second complete element in rice confirms earlier results suggesting the similarity of

the Stowaway and IS630rrcl/mariner transposases. Moreover.. we will show how we

101



took advantage of the virtuallandslide of genome EST sequence infonnation to unrave1

the relationship between Stowm",ay and Emigrant-type elements and discuss the

implications of this re1ationship in the evolution of MITEs.
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Material! and Metbods

Nucleotide and protein sequences used in this study (Table 1) were retrieved from the

GenBank public database. Identification of the residues corresponding to the DD(DIE)

motif and the alignment of the amino acid sequences of this region are based on previous

publications (Capy el al. 1996; Doak el al. 1994; Feschotte and Mouches 2000a; Garcia­

Fernandez el al. 1995; Jarvik and Lark 1998; Smit and Riggs 1996). Sequences of the

transposases for Slowaway-like elements were found using, BLAST tools from NCBI

(http://www.ncbLnlm.nih.gov/blastl) (Altschul and Koonin 1998; Altschul el al. 1997).

The amino acid sequence ofOsa-Slow1 was obtained using ORf FINDER

(http://www.ncbi.nlm.nih.gov/gorflgorf.html) with GI:6979318 (227524 to 232786). The

576 amino acids long sequence in the +2 frame corresponds to the putative transposase

including the DDD residues (Tablel). Alignments of the 32 amino acid sequences was

done manually. A few gaps were allowed in the alignment in order to maintain a

maximum amino acid identity. The sequences used for phylogenetic analysis are shown

in Figure 1. Phylogenetic analysis was carried out using PAUP* version 4.0b8 for

MacIntosh (Swofford 2000)~ with maximum parsimony method (multiple trees heuristic

search option with tree bisection-reconnection) and the neighbour joining distance

method. Bootstrap analysis was done with 200 replicates~ resampling 53 characters and

including groups compatible with the 50% majority mie consensus tree. Based on

previous studies (Capy et al. 1997; Capy el al. 1996; Plasterk et al. 1999), IS630 was

specified as an outgroup ta the monophyletic Tc IImariner superfamily ofTEs. Distances

were calculated as mean pairwise differences adjusted for missing data. obtained from

PAUP* version 4.0b8 (Swofford 2000).
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Results

Residues flanking the conserved DD(D/E) signature were extremely variable, difficult to

align, and too ambiguous to provide re1iable phylogenetic characters. Therefore~ we

decided to restrict the alignment to the most conserved region between the transposases

(53 characters). These sequences provide sufficient resolution of the transposases ~ith 49

parsimony inforrnative sites.

The sequences analysed, except the MITE transposases, have been previously shown to

fonn a monophyletic superfamily of TEs (Capy et al. 1997; Capy el al. 1996; Plasterk et

al. 1999). These sequences clearly define three main monophyletic groups corresponding

to families ofTEs (Figure 2). The elements harboring the DDD signature comprise the

mariner andpogo families. The third main family consists of the Tc l-like sequences.

characterised bya DDE signature. These three lineages are robust since applying the

maximum parsimony (Figure 2) and the neighbour joining (Figure 3) methods yielded

nearly-identical clades. The maximum parsimony method yielded 30 equally

parsimonious trees with variable branching order for these three major clades. resulting in

an absence of resolution of these clades in the consensus tree (Figure 2). However. the

bootstrap tree (data not shown) reflects the topology obtained with the neighbour joining

method (Figure 3) and confonns with the general seheme established by Capy et al.

(1997). Other than the conserved DD(DIE) signature, conserved residues were identified

within and between family members. For example, the histidine (H) at position 27 and

the glutamic acid (E) at position 6 of the alignment sho~n in Figure 1 are almost perfeet

symplesiomorphies (shared ancestral character states) that only Tc4 and TcS do not share.

The proline (P) at position 43 is also shared by the majority of the sequences. The

residues at position 3 and 42 are very usefuI characters corresponding to almost non­

homoplasic apomorphies (a unique derived character state) for each of the families. Also.

the histidine (H) at position 33 and the tyrosine (Y) at position 46 are unique to members

of the mariner family. Finally, at position 3. 42. 45. and 49, Tcl-like elements have a

plesiomorphic residue (ancestral character state), responsible for their basal position

relative to the mariner and pogo clades in many trees obtained.
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The three main clades (mariner~ pogo and Tc1) also correspond to the topology obtained

by other authors, using similar methods (Capy et al. 1997; Capy et al. 1996; Plasterk et

al. 1999). In those studies, the IS630 family ofbacterial elements was determined to be

ancestral to the Tc limariner superfamily. We therefore specified [S630 as an outgroup

for our phylogenetic analysis. In order to reduce the chances of an erroneous polarization

of characters~we have selected two [S630 sequences from different organisms. [n fact,

these two sequences, although not identical, cluster together in aIl trees.

The rice Stowaway Osa-Slow1 was identified based on T[R sequence similarity between

Slowaway MITEs and the flanking region ofa sequence annotated as a Tc Ilmariner-like

element on a large insert clone (GI:69793 18) (Tarchini el al. 2000). Similarity searches

(BLASTX) using the nucleotide sequence ofOsa-Slow1 transposase as a query~ led to the

identification ofanother Stowaway transposase in rice (Osa-Slow2). The two rice

transposase genes are flanked by Stowaway-like TIRs and TSDs. These elements are

respectively 5~3 kb and 3~6 kb long. The Stowaway transposases found show high amine

acid similarity to the transposase for Soymar1 from Glycine max (Jarvik and Lark 1998).

Similarity searches (TBLASTN) using the amino acid sequence of the rice Slowaway

transposases revealed one more sequence from Oryza saliva and eight sequences from

Arabidopsis lhaliana genomic clones, which share high similarity with the query (data

not shown). However, TIRs could not be identified. AIso, two EST sequences from

Trilicum aestivum and three from Zea mays were found with high similarity to the

Slowaway transposases around the DO(DIE) signature. Three sequences are missing the

region eorresponding to the fust or the last aspartic acid residue (0) of the OD(DIE)

signature, beeause the EST sequences were too short. Phylogenetie analysis indicated

that the ESTs are more closely related to the transposase ofmembers of the Stowaway

family than they are to Tel, mariner or pogo (data not shown). Using a redueed data set

oftransposase sequences, we have investigated the relationships between these ESTs and

members of the Stowaway family (Figure 4). The topology of the neighbour joining tree

(data not shown) and the maximum parsimony tree (Figure 4) are similar. Soymarl has

apparently reeently emerged within the family and is closely related to the three EST
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sequences from Zea mays. The two EST sequences from Tr;l;cum aestivum appear to be

ancestral ta the rest of the family~ while Osa-Stowl and Osa-Slow2 have an intennediate

position in the tree. Most of the trees group one of the nce Stowaway sequences with

Soymar1~ while the other nce Stowaway sequence shows earlier divergence.

The three Stowaway-like elements cluster together as a sister group to the pogo family in

our analysis. The presence of an aspartic acid residue (0) instead of a glutamic acid

residue (E) at position 45 support the closer relationship with mariner and pogo~ than

with Tc 1. although the Stowaway-like elements share conserved residues, other than the

DD(DIE) signature. with members of the three families. For example. the presence of

two glutamines (Q) at position 20 and 21 and an asparagine (N) at position 42 (Figure 1)

is characteristic 0 f several members of the Tc1 family, but is also present in the

Stowaway-like elements. Also, the presence of a lysine (K) and a tryptophan (W) at

position 7 and 8 associates these sequences with those of the mariner family, while the

leucine (L) at position 44 is reminiscent ofmembers of the pogo family. Overall. the

sequences ofStowaway-like elements are significantly different from sequences of aIl

three main families.

The Emigrant MITE transposase sequence clusters within the pogo family in close

association \vith the human Tigger and Drosophila pogo elements. This is consistent with

a previous report suggesting that Emigrant is a pogo-like element, based on TIR. TSD

and transposase sequence similarity with other pogo elements (Feschotte and Mouches

2000a). The residues at position 49 and 52 are unique to the pogo-Tigger-Emigrant

cluster, while the asparagine (N) and glutamine (Q) residues at position 3 and 42.

respectively, support their position within the pogo family.

On average, elements from different families differ by 70 to 79% amino acids. while

elements from the same family differ by less than 61 % amino acids (Table 2). We

observe that the most conserved region ofStowaway-like transposases differ by 28%

amino acids, while this group ofelements show 66 to 75% amino acid difference with the

three main families, according to the alignment in Figure 1. In comparison, the level of

106



sequence similarity between the Emigrant transposase and the other members of the pogo

family is high (60% amine aeid differenee" Table 2). We aIso observe that Te4 and Te5

differ signifieantly from the rest of the pogo family (70% amino aeid differenee).

Similarly, Tee1 and Tee2 differ from the other Tel members (68% amino aeid

differenee). However, Emigrant" Te4" Te5, Tee 1 and Tee2 harber the eonserved residues

typical oftheir family. In addition to a differenee in amino aeid sequence. Te4 and Te5

have a 3 bp target site and have TIRs different from other pogo-like elements (Table 1).
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Discussion

The phylogeny of the elements analysed in this report does not neeessarily refleet the

phylogeny of their hosts. Sorne elements may have been present in the genome ofa

common ancestor of related tax~ and may have been vertically transmitted to successive

generations. However~ it is likely that horizontal transfer has played an important role in

the history ofthese elements. In fact., there have been many reports ofhorizontal

transmission events involving members of the IS630rrcl/mariner superfamily (Capy et

al. 1994; Garcia-Femandez et al. 1995; Hartl et al. 1997; Lohe et al. 1995; Robertson and

Lampe 1995b). Horizontal transfer has been suggested to he a possible mechanism for

element survival and spread. It may also explain the widespread distribution ofthese

class II elements in diverse eukaryotes (Robertson and Lampe 1995a). With this in mind.,

we have randomly chosen TEs from different hosts and loci., to determine the

evolutionary history ofelement sequences rather than the relationship oftheir hosts.

Through the analysis of the most conserved region of the transposase from each clement.

we observe that the Emigrant transposase clearly clusters within the pogo family. These

MITEs have TIRs reminiscent of the typical terminal-most sequences ofpogo and

mariner-like elements, that is 5~-CAGT-3 ~., and harbor residues that are unique to the

pogo family. Therefore~ it is likely that Emigrant and the pogo-like elements originated

from a common ancestor relatively recently. Although the transposases eorresponding to

the Stowaway-like elements do not share such obvious similarity with any of the

sequences analysed, being equaUy distant to Tc1, mariner, andpogo farnilies (Table 2)..

they nonetheless fonn a sister group to the pogo family. It is therefore likely that the

Stowaway-like clements may represent a fourth family of IS630/Tc lImariner-like

elements.

Capy et al. have proposed that an ancestral transposase gene would have acquired TIRs..

giving rise to the ancestral DD(DIE) transposon. This clement would have given rise to

severa! bacterial IS groups. More speeifically.. an IS630-1ike element would have evolved

ioto Tc l/mariner clements (Capy et al. 1997~ Capy et al. 1996). Certain positions within
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the TIR sequence that act as hinding sites for the transposase, would have been more

conserved, while the remainder of the element sequence evolved defining the different

groups. Many of the [S630rrcl/mariner elements share aconserved terminal-most

sequence motif, that is 5'-CAGT-3'. Within thepogo family, the members ofthepogo­

Tigger-Emigrant group also possess the 5'-CAGT-3' motif, however, there are

exceptions. For examples, the termini ofTanl, Fotl, Pot2, Tc4, and Tc5 aU differ from

the 5'-CAGT-3' motif. Within the Tel family, Tecl, Tec2, lv/inos2, and Tes 1 have

diverse terminal sequences. Within mariner, most elernents start with 5'-TTAG-3' or 5'­

CCAG-3'. The Stowaway-like elements appear to be the most aberrant with the terminal

motif 5'-CTCC-3'. Therefore, terminal motif signatures may not he conclusive evidence

for detennining phylogenetic relationships among elements in the IS630rrc l/mariner

superfamily. Target site size and, in sorne cases ,sequence appear to be much more

consistent traits than TIR motifs within known TE superfamilies. Within the

[S630rrc lImariner superfamily aIl of the elements have a target site preference for the

dinucleotide 5'-TA-3' with the exception ofTc4 and Tc5 (5'-TAA-3').

[t is clear from our analysis that the three types of MITEs have different evolutionary

histories despite similarity in structure. Tourist has been shown ta be more related to

prokaryotic [S5-like elements than to Stowaway or Emigrant (Le et al. 2000; Le et al.

2001). Recendy computer-based searches using the Tourist transposase as a query has

led to the identification of TOllrist-like elements, designated Tc8 group, within the C.

elegans genome (Le et al. 2001). Emigrant and Stowaway are closely related based on

our study but have very different TIR sequences. With these observations, it is no longer

possible to consider MITEs as defining a superfamily ofelements. Clearly, TOllrist May

define a unique superfamily ofelements but Stowaway and Emigrant belong ta the

previously established IS630rrc l!mariner superfamily. Many non-plant eukaryotic

MITEs have becn reported though.. for the mast part. ORfs encoding putative

transposases have yet to be identified. We would suggest that the term MITE be used

only to reflect a mobile element that has TIRs and target site sequence preference for 5'­

TA-3' or 5'-TAA-3'. As transposase sequences become available, only then can the

classification in tenns of superfamily designation be determined.
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Phylogenetic analysis has yielded revealing insights into the evolutionary history of

several TE superfamilies. In plants, the c1ass II elements TOllrisl-like, Stowaway-like, and

MULEs predominate. MULEs have been shown to be part ofa superfamily of elements

that include prokaryotic IS256-like elements although non-plant eukaryotic members

have yet to be identified. Ac-like and CACTA-like elements are also represented in Many

plant genomes but are not as numerous. These two element types have also been

suggested to fonn distinct superfamilies though prokaryotic counterparts have not been

reported. Interestingly, members of the prokaryotic ISAsJ family have a terminal

sequence (5'-CAGGG-3') and target site sequence size (i.e. 8 bp) consistent with Many

members of the Ac-like superfamily. However, the putative transposases for these

elements do not share sequence similarity sa the actual evolutionary relationship. if any.

remains unclear. Nevertheless. these relationships have provided evidence that many

eukaryotic elements have prokaryotic counterparts suggesting a long evolutionary history.
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Table 1. Sequences used for phylogenetic analysis

G1number D-D-(DIE)

Name Organism Protein Position tenninal nucleotide

sequence ofTIR

Reference

Gti- Girardia 887424 151-243-278 TTAGGTTGTTCG (Garcla-Fcmandl.."z et

al. 1995)
mariner1 rigrina

Hsa-marl Homo sapiens 1263081 155-247-282 TTAGGTTGGTGC (Robenson and

Zumpano 1997)

Bmo-tpase Bombix mori 2627179 151-244-278 TTAGGTCCTTAC h

Cel- Caenorhabiditi 7331821 125-214-249 TTAGGCTGGTCA fi

mariner1 s elegans

Cca- Ceratitis 1399036 149-241-276 TTGGATGAGTGC h

mariner capitata

Dma- Drosophila 157832 156-249-284 CCAGGTGTACAA <Jacobson tH al.

mariner mauritana
1986)

Cpl- Chrysoperla 156618 158-252-287 TTAGGTIGGCTG (Robenson et al.

mariner plorabunda
19(2)

Dme- Drosophila 2133672 169-272-303 CAGTATAATTCG (Tudor el al. 1992)

pogoRl1 melanogasrer

Hsa- Homo sapiens 2226004 187-302-335 CAGGCATACCTC (Robcnson 1996.

Tiggerl
Smlt and Rlggs 19(6)

Hsa- Homo sapiens 7513081 11-124-157 CAGTTGACCCTT

Tigger2

Ath- Arabidopsis 4262216 81-184-206 CAGTAAAACCTC (Casilcuberta et al.

Emigrant thaliana
1998; Fcschottc and

Mouchl..'S 2000a)

Cel-Tc4 Caenorhabidiri 156453 261-374-412 CTAGGGAATGAC (LI and Shaw 1(93)

s elegans

Cel-Tc5 Caenorhabidiri 515796 257-368-406 CAAGGGAAGGTT (Collins and

s elegans
Anderson 1994)

Ani-Tan 1 aspergillus 1805251 175-289-325 ACGTAATCAACG (Amutan et al. 1996.

niger
Nyyssoncn et al.

19(6)

Fox-Fat 1 Fusarillm 2723 158-275-311 AGTCAAGCACCC (Daboussi el al.

oX)/sponlm
1(92)

Pgr-Pot2 Pyricularia 496854 160-273-309 TAACGTTGCGTA (Kachroo et al. 19(4)

grisea
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Gma- G(vcinemax 7488706 163-287-327 CTCCCTNGTITC (1arvik and lMk

Soymarl
1998)

Osa-Stowl Ory=a sativa 6979318" CTCCCTCCGTTT (Tarchim et al 2000)

Osa-Stow2 Ory=a sativa 6539555 160-283-318 CTTCCTCMGTCC h

Cbr-Tcbl Caenorhabiditi 84417 87-177-212 CAGTACTGGCCA (Hams et al. 1(88)

s briggsae

Cbr-Tcb2 Caenorhabiditi 156455 87-177-212 CAGTACTGGCCA (Prasad et al 19(1)

S briggsae

Cel-Tel Caenorhabiditi 6888 87-177-212 CAGTGCTGGCCA (Rosenzwclg et al.

s e/egans
1983)

Aal-Quet=a/ Anopheles 1196520 154-245-280 CACTTCTCACAA b

albimanus

Est-Tes 1 Eptatrellis 422537 139-269-308 (TA)CTCTACCGGT (HelC:morst et al.

stouti CG
1992)

Drne-Baril Drosophila 7641 154-243-278 CAGTCATGGTCA (CaiZZl et al 19(3)

melanogaster

Dhi-J\tfinos2 Drosophila 436464 175-265-300 CGCTTAACTTAA (Franz and Savakls

hidei
1C)91)

Fox-Impala Fusarium 10764493 149-234-270 CAGTGGGGTGCA (Langm etai 19(5)

oxysponml

Cel-Tc3 Caenorhabiditi 283537 144-231-266 TACAGTGTGGGA (Langm el al 1(95)

s elegans

Ecr-Tecl Euplotes 397762 230-316-351 TAGAGGGAGTTT (1ahn el al. 1993)

crassus

Ecr-TeC2 Euplotes 1216295 231-317-352 TAGAGGGATAAA Oahn et al. 1(93)

crassus

5so-15630 Shigella sonnei 47542 181-261-297 AATAGCTGCGCG (Matsutanl el al.

1(87)

5th-15630 Salmonella 154216 181-261-297 (A)AATAGCTTCGC (Krause el al. 19C) 1)

thyphimurium

Zma-E5Tl Zeamays 6102034 "

Zma-E5T2 Zeamays 6227252"

Zma-EST3 Zea mays 5922112"

Tae-ESTI Triticum 9424806"

aeslivum

Tae-EST2 Triticum 9424809"

aestivllm
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a This GI number refers to a nucleotide sequence. The amino acid sequence have been

obtained using ORf FINDER or TBLASTN, as described in Material and Methods.

b The terminal nucleotide sequence of these elements are deduced from our sequence

analysis.
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Table 2. Percent differences between DD(D/E) domains a

mariner pogo Tcl Emigrant Stowaway-

like b

mariner 41

(lI)

pogo

Tcl

Emigrant

Stowaway­

like

75 70 74 66

(6) (4) (5) (4)

61 79 60 75

(12) (4) (9) (6)

54 79 69

(15) (2) (3)

0 79

(0) (2)

28

(4)

a Within group average and standard errors (in parentheses) are calculated from the mean

pairwise distances adjusted for missing data (PAUP).

b Stowaway-like includes the sequences ofGma-Soymar1. Osa-Slow1. and Osa-Stou·2.
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Figure 1. Amino acid sequence alignment corresponding to the DD(DIE) motif of the

transposase ofmembers of the IS630rrcl/mariner superfamily of transposable elements.

The last five sequences correspond to EST sequences. GI numbers and amino acid

positions are given in Table 1. The conserved D, D and DIE residues are indicated with

an arrow.
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Figure 2. Phylogenetic tree ofmembers of the IS630rrcllmariner superfamily, inferred

with maximum parsimony method with the alignment shown in Figure 1 (excluding

ESTs). The majority role consensus tree is shown, derived from 30 equally parsimonious

trees of 525 steps (CI=0.636; RI=0.671). Bootstrap values are indicated below the

corresponding nodes. The clades corresponding to families of transposable e1ements are

indicated. Dashed Iines represent clades that collapse in the strict consensus tree. In the

bootstrap tree, the DDD sequences fonn a monophyletic group.
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Figure 3. Phylogenetic tree ofmembers of the IS630rrcllmariner superfamily, inferred

with neighbour joining method with the alignment shown in Figure 1 (excluding ESTs).

The tree score is 7,15. Branch lengths are proportional to the estimated number of

substitutions per site. Bootstrap values are indicated below the corresponding nodes. The

clades corresponding to families of transposable elements are indicated.
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Figure 4. Phylogenetic tree of members of the Stowaway family, including EST

sequences and one representative of the Tc1~ mariner and pogo families. The tree was

inferred with maximum parsimony method. The majority mie consensus tree is shown~

derived from 5 equally parsirnonious trees of 167 steps (CI=O.910; RI=O.810). Bootstrap

values are indicated below the corresponding nodes. The clades corresponding to

families of transposable elements are indicated. Dashed Hnes represent clades that

collapse in the strict consensus tree.
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CHAPTER4

Transposon mobility on evolutionary time scales: utility of transposable elements in

phylogenetic analysis of the AA genome species ofriee
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Abstract

Asian and African cultivated rice (Oryza saliva and O. glaberrima) belong to the O.saliva

complex that groups diploid nce species with the AA genome type. The genome of O.

saliva is known to contain various types of transposable elements. [n this study. we

examined transposable elements at ten O. saliva loci. and detennined their presence/

absence in eight species of the O. saliva complexe We also used transposon nucleotide

sequences for phylogenetic analyses of the nce species. Miniature inverted-repeat

transposable elements (MITEs), Ac-like elements, Alutalor-like elements (MULEs), short

interspersed nuclear elements (SINEs) and three unclassified elements were investigated.

We found that generally, the sequences ofa single element do not provide sufficient

phylogenetic signal to reeonstruct the relationships with good resolution. However, the

use of a combination of transposable elements, and the corresponding insertion

polymorphism information results in robust cladograms of the nce species. These trees

agree with previous analyses of the relationships among nce species, and support the

hypothesis ofdomestication of O. sativa from O. nivara, and o. glaberrima from O.

barthii. In addition. the insertion ofa MITE and two MULEs shed light on the position of

O. longistaminata at a basal position relative to both types ofcultivated nee.
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IDtrodu~tioD

Virtually aU eukaryotic and prokaryotic genomes have been found to harbor transposable

elements (TEs). These ubiquitous genetic elements differ from the gene complement of

genomes in that they are mobile. Movement cao be mediated by an RNA intennediate

and he essentiaUy replicative (e.g. class [TEs) or directly through a DNA form (e.g., class

II TEs). Class [elements include endogenous retroviruses, LTR-retrotransposons. non-

LTR-retrotransposons (also referred to as long interspersed nuclear elements or LINEs),

short interspersed nuclear elements (e.g., SINEs), and processed pseudogenes. [n contrast

to class 1elements, class II elements can excise generating a so-eaUed footprint, which

may include terminal element sequences and/or the target site duplication (TSD).

Structurally, class II elements are delimited by terrninal-inverted repeats (TIRs). Although

historically referred to as junk or parasitic DNA as they commonly populate non-genic

regions of the genome, a new view ofTEs spurred by the wealth of genome sequencing

information has emerged suggesting that they are involved in adaptation and evolution at

the gene, genome, population and species levels (Capy et al. 2000; Kidwell and Lisch

1997; Makalowski 2000). Transposon copy number may be very high, as in the maize

genome where at least 50% of the genome is composed ofclass l elements (Sanmiguel et

al. 1996). TEs are less abundant in other genomes, as in Arabidopsis thaliana. where all

TEs together account for only approximately 5% (Le et al. 2000; Meyerowitz (994) to

10% (Initiative 2000) of the genome. Generally, eukaryotes with smaller genomes contain

less repetitive sequences and/or fewer large-TE insertions, such as retroelements.

Cultivated nee (Oryza saliva) is a model genome for monocotyledonous plants. [ts small

genome is eurrently being completely sequeneed, and the availability of genomic

sequences has facilitated computer-based surveys ofTEs (Bureau et al. 1996: Mao et al.

2000; Song et al. 1998; Tarchini et al. 2000; Tureotte et al. 2001). These surveys have

revealed a diverse number of TEs including many novel elements. In a high-resolution

survey, miniature inverted-repeat transposable elements (MITEs) were found to make up

72% of the nce TE insertions mined (Turcotte et al. 2001). Other class II TEs such as Ac­

like, CACTA-like and A.futator-like elements (MULEs) and class l TEs sueh as Tyl-
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copia and Ty3-gyp.ry-like retrotransposons, LINEs and SINEs were identified. The

element referred to as Basho (Le el al. 2000) was also identified in rice. Overall, TEs

mined in O. saliva accounted for approximately 20% of the nucleotide sequences

surveyed.

The genus Oryza belongs to the family Gramineae and has a worldwide distribution. Two

Oryza speeies, O. sativa (Asian) and O. glaberrima (African) have been domestieated. In

addition, there are 21 known wild species ofOryza (Khush 1997). These species are often

grouped into four complexes based on interspecific hybridization aptitude (Khush 1997).

Species in the O. saliva complex are diploid (2n=24) and correspond to the genome type

AA. The O. officinalis complex is made up ofdiploid and tetraploid species, with genome

types BB, BBCC, CC, CCDD, EE, and FF. The O. meyeriana complex includes diploid

species of genome type GG, while species from the O. ridIe)'i complex are tetraploid of

the genome type HHJJ. Genome types were chiefly defined by genomic DNA

hybridization and chromosome pairing behavior ofhybrids (Aggarwal el al. 1997; Khush

1997).

Cultivated rice was most likely domesticated as two separate events. O. sativa was

probably domesticated from an annuai type of O. rufipogon called O. nivara. Whereas, O.

glaberrima was probably domesticated from O. barlhii (=0. breviligulala), which

originated from the African species O. longislaminala. Relationships between cultivated

and wild riee species were originally studied based on their morphology, physiology and

crossing ability (~10rishima el al. 1963; Morishima and Oka 1960; Oka 1974; Oka 1988).

More recently, relationships between cultivated and wild rice species have been

investigated using many different modern methods. For example, isozymes (Second

1982; Second 1985), RFLP from chloroplast DNA (Dally and Second 1990; Ishii el al.

1988) and nuclear DNA (Wang el al. 1992), RAPD (Ishii el al. 1996; Yi et al. 1995).

ribosomal DNA spacer length polymorphism (Cordesse et al. 1993; Sano and Sano 1990),

and nuclear and chloroplastic gene sequences (Ge el al. 1999) have been exploited.

Transposable elements have also been used in phylogenetic studies in rice. The

polymorphisms generated by the presence or absence of SlNEs (Hirano el al. 1994) and

l
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Stowaway-like MITEs (Kanazawa et al. 2000) at a given locus have been superimposed

on previously published trees, insertion polymorphisms of SINEs and other TEs have

been used to classify rice strains into groups (Mochizuki et al. 1993) and the nucleotide

sequences of Tourist-like MITE insertions (Iwamoto et al. 1999) have been used in

phylogenetic analysis in Oryza. Here we compare different types ofTEs as phylogenetic

markers in rice. Specifically, we have examined Tourist-like MITEs, an Ac-like element.

MULEs.. SINEs, and unclassified TEs. The objective ofour study is first to evaluate

various TEs as phylogenetic markers, and then to determine if such markers can

contribute to the resolution of phylogenetic re1ationships in Oryza.
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Materials and Methods

Plant material

Germplasm ofeight diploid, AA genome Oryza species was obtained from the

International Rice Research Institute (IRRI, Los Banos, Philippines). One to three

accessions per species for a total of 22 accessions were analyzed. The species accession

numbers are Iisted in Table 1. Genomic DNA was extracted from frozen leaves according

to Dellaporta (Dellaporta et al. 1983; Ishii et al. 1996), with the exception that

precipitation was done with isopropanol instead ofethanol.

DNA amplification and sequencing

The transposable elements and the corresponding loci in O. saliva are listed in Table 2.

Primers were designed using the program OUGo6 (Rychlik and Rhoades 1989) from

genomic sequences flanking the TEs (Table 2, GenBank: http://WW\v.ncbi.nlm.nih.govl).

Primer pairs were designed to amplify fragments (:::::1 kb) suitable for bi-directional direct

sequencing. PCR amplification was performed in 50 ~L reactions, with 100 ng total

DNA, 2.0mM MgCh, 0.3 ta 0.4 f.1M primers. 0.8mM dNTP. and 2 units AJ'vIPuTAQ DNA

polymerase (Applied Biosystems). Amplification was carried out in GENEAMP PCR

system 9700 (Applied Biosystems) with the following program: initial denaturation at 94

for 3 minutes, then 30 to 40 cycles of denaturation at 94°C for 1 minute, annealing for 1

minute, e1ongation at 72°C for 1 minute, and a final elongation step of 7 minutes at 72°C.

The annealing temperature ~'as 60°C forTIA-1 and T8R-2 (30 seconds). 65°C for ACI­

l, SloC for MU9-2, SO°C for MU9-3, UNC2-2, and SINEI-l, 54°C for SlNEl-4 and

UNCI-l, and 57°C for CRA-l. Amplification was verified by agarose (2% gels)

electrophoresis. Purification of PCR products was done using a QIAQUICK PCR

purification kit (Qiagen). In sorne cases. the amplification was not specifie enough, and

more than one band was observed. The bands corresponding to the size of a fragment

containing the TE insertion were gel purified using a QIAQUICK gel extraction kit

(Qiagen). Purified PCR products were directly sequenced (both strands) using Dye­

terminator chemistry (BIG DVE) on an ABI prism DNA analyzer model 3700 (Applied

Biosystems). In sorne cases, PCR products were ligated in a PMO vector.. transformed
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into competent cells (XL I-blue) by heat shock, purified using QUIAPREP miniprep

plasmid purification kit (Qiagen), and sequenced on a LI-COR DNA sequencer model

4200 using Dye-primer chemistry using universal M13 primers.

Sequence andphylogenetic analyses

Sequences were edited and assembled using the STADEN software package on a LinlLx

workstation (Staden et al. 2000). Sequence alignment of the resulting consensus

sequences was performed using CLUSTALW (Thompson et al. 1994) implemented with

BIOEDIT version 4.8.10 (Hall 1999), with a gap creation penalty of 5 to 10 and a gap

extension penalty of 0.2. Alignments were corrected manually when necessary. Because

of their phylogenetic information, indels were considered as characters, and manually

added to the data matrix for each data set. When an indel of variable length was

encountered, different character states were employed to describe the situation. In

individual TE matrices, aIl characters were unordered and ofequal weight, without

regards to the size of the indel events. A few sequences showed nucleotide

heterozygozity; the corresponding sites and any other position for which homology was

uncertain were eliminated from phylogenetic analyses. Each variable site has been

verified with the original sequences. Phylogenetic reconstructions were perfonned using

PAUP* version 4.0 beta 8 for the Macintosh (Swofford 2000), with maximum parsimony

(MP; multiple trees heuristic search option with tree bisection-reconnection) and the

neighbor-joining (NJ) distance methods, using Jukes-Cantor distance measure. Unrooted

trees were displayed using the mid-point rooting option. Analyses were perfonned on

each data set separately, using the TE sequence of the accessions that possess the

insertion. Matrices containing variable characters from several loci combined with

insertion polymorphisms information have also been used for phylogenetic

reconstructions. Predictions of the secondary structure were obtained from DNA MFOLD

server (http://bioinfo.math.rpi.edu/-mfoldldna/forml.cgi) with the free energy values

calculated following SantaLucia (Santalucia 1998).
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Results

We have amplified and sequenced TEs from ten loci in eight rice species (22 accessions)

of the O. saliva complex. Occasionally, no peR product was obtained (Table 1). Failure

to amplify was most likely due to mutations that made primer annealing impossible. The

absence ofan amplicon was interpreted as missing information, rather than absence of the

TE. Most amplifications resulted in a single band on agarose gels corresponding to the

expected size ofeither a TE insertion (+) or an empty site (-) (Table1). Sorne species or

accessions were clearly heterozygous as two bands of the expected sizes were observed.

Generally, the TE insertions investigated defined monomorphic traits for most species. as

aH accessions gave the same banding pattern within a species. Nevertheless, accessions of

O. meridionalis showed intra species polymorphisms at severallocL where accession

105283 invariably differed from accessions 101146 and 105281 (Table 1). Accession

polymorphism has also been obtained in several species with SINE1-4 primers.

Nucleotide sequences were easily aligned due to a generally high level of sequence

identity (74% to 96%). In fact, most positions of the alignments \vere constant through the

22 accessions. A few gaps were introduced to maintain alignment ofhomologous

positions, and the resulting indels were treated as characters. The number of parsimony

informative sites has been calculated for each data set (Table 3) because phylogenetic

analyses are based on variable nucleotides while constant sites are uninformative. The

trees reconstructed using ma.ximum parsimony (MP) and neighbor joining (NJ) methods

using data sets from individual TEs are shown in figure 1 and 2. Figure 3 shows the

cladogram obtained with combined matrices.

lvlITEs

Two MITEs were included in our experiment. These elements belong to the Tourist-like

family. TIA-l and T8R-2 have a 3 bp TSD, are located within introns. and are delirnited

by 12 and 14 bp TIR sequences (Table 2). Previous studies ofA. thaliana and C. elegans

have associated Tourist elements with members of the 155 family ofbacterial TEs. based

on amino acid similarity in their transposases (Le et al. 2001; Le el al. 2000). In our
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study~ TIA-l (Bureau and Wessler 1994)~ a member of the TOllrist 1group ofrice TEs

(Turcotte et al. 2001)~ could be amplified in most species. In O. meridionalis~ accessions

101146 and 105281 have an empty site (-)~ while accession 105283 does have the

insertion (+). Also~ a product ofunexpected size was obtained in O. longistaminata.

Amplification with the three accessions gave a fragment shorter than the size expected for

a Tourist insertion in the TIA-l locus~ but larger than the corresponding empty site.

Nucleotide sequence alignment ofTIA-1 sequences shed light on this unexpected

polymorphism. This TOllrist. amplified from intron 5 of the phy/8 gene~ is absent from

the three O. longislaminala accessions. These lineages however have a 149 bp insertion

located 283 bp downstream of the TOllrist insertion site (position 8682 in O. saliva

GI:20287). This insertion corresponds to a Stowaway element with typical Stowaway

TIRs and the dinucleotide TA as a TSD (data not shown). The locus ofTIA-1 contained

four other indels, ofwhich one is located within the Tourist sequence. This indel appears

to be a 20 bp deletion in the 3'TIR ofTIA-l~ in five of the six O. saliva accessions.

Although other species have presumably complete TIR sequences.. these are still

imperfect inverted repeats. TIA-l has very few parsimony informative variable sites

because the sequences of the different species are highly similar. The TIA-I sequences

comprise 338 characters~ of which 323 are invariable. Only 9 characters (including the

indel character) were parsimony informative (Table 3). The sequences ofthis element

were actually less variable than the sequences flanking the insertion (intron 5 from phy

/ 8)~ which had 23 parsimony informative characters among the 399 characters observed

(data not shown). Consequently the MP strict consensus tree (Figure la) derived from

Tl A-l is poorly resolved. AlI accessions of O. nivara forro a branch~ and O. barthii and

O. glaberrima accessions combined fonn another branch. Surprisingly, O. meridionalis

accession 105283 appeared more closely related to O. saliva accession 611. NJ method

yielded a tree with a slightly better resolution (Figure 2a), where O. saliva is polyphyletic.

A cluster formed by O. saliva accession 611, O. rufipogon and O. meridionalis accession

105283 is more closely related to the African rice species than they are to the other O.

sativa accessions.
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The other MITE, T8R-2, was absent from O. rujipogon, O. glumaepalula, and O.

longistaminata. Slïppage suring sequencing within a short poly A track in the 5' flanking

sequence ofT8R-2 was observed. Therefore, although an amplification product was

obtained, accurate sequences of O. saliva accessions 636 and 611, O. nivara accession

104684, O. glaberrima accession 100139, and O. barthii accession 104290 could not be

obtained. Nucleotide sequence alignment of the T8R-2 sequences revealed two indels and

ooly six parsimony informative characters. Coosequently, the MP and NJ trees (figure 1b

and 2b), although they are congruent with each other, show poor resolution. Out of the six

parsimony informative characters available, four differentiate O. nivara from aIl other

species, resulting in an unusual rooting.

Ac-like

AC 1-1 belongs to the group [ ofActivator-like elements identified in nce (Turcotte et al.

2001). AC 1-1 is delimited by 24 bp TIR sequences and is flanked by a 8 bp TSO. AC 1-1

is aIso located in an intron. This TE could not be amplified from accessions 101146 and

105281 of O. meridionalis. Four accessions were not included in the phylogenetic

analyses because sequencing could not be achieved with sufficient accuracy. AIl

accessions for which sequence information could be obtained, contained the Ac-like

element. Seven indels were revealed by the alignment of the remaining 16 AC 1-1

sequences. Two equal1y parsimonious trees of 82 steps were obtained \vith MP method.

The strict consensus tree (Figure 1c) is weIl resolved and perfectly congruent with the NJ

tree (Figure 2c), aIthough the latter has better resolution. Again, one O. sativa accession

fOnDS a cluster with O. rufipogon and accession 105283 of O. meridionalis, while the

other O. saliva accessions t'Orm a distinct branch. [n contrast to the TIA-l NJ tree, the O.

salivai O. rufipogonlO. meridionalis c1uster appears more closely related to the other O.

sativa accessions than to the O. glaberrima/ O. harthii group.

MUlator-like (}JULE)

MU9-2 and MU9-3 are two members of the MULE IX group ofrice TEs (Turcotte et al.

2001). MULEs are class [[ transposons that are structurally similar to the maize lV/litator

element. The two copies selected are short non-autonomous members from different
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intergenic loci. These elements have ==250 bp TIRs and a 9 bp TSD, typical to tbis family.

Their TIRs are very long compared to the size of the element (561 bp), such that a hairpin

structure cao potentially be formed. In fact, a free energy value ofdG =-195.8 kcallmole

have been predicted for MU9-2 and MU9-3 DNA sequences, using the MFOLD program

(http://bioinfo.math.rpi.edui-mfoldldnaifonnl.cgi).This secondary structure may be

responsible for the difficulties encountered with direct sequencing of the amplified

products, where sequences had half the expected length. It appears that one TIR was

normally sequenced and the sequencing reactions prematurely terminated after that

segment. The same results were obtained while sequencing either strand. Cloning ofthese

elements and sequencing using an alternative chemistry (see Materials and Methods)

were aiso unsuccessful. Therefore, we could not derive trees from the nucleotide

sequence alignrnents of these MULEs, but the insertion polymorphisms have been taken

into account in the combined data matrices (Figure 3). These elements could be amplitied

from most accessions, and empty sites were found in O. longistaminata and O.

meridionalis accessions 101146 and 105281.

p-SINE

SINE1-1 and SINE1-4 are two p-SINE 1 members, previously identified and characterized

(Hirano et al. 1994; Mochizuki et al. 1993; Mochizuki et al. 1992). These two very short

elements (124 bp and 128 bp) are terminated with a poly-A tail, and are flanked by a 15

bp TSO. Previous analysis oftheir distribution among rice species has revealed their

presence in aIl AA genome species (Mochizuki et al. 1993). Consequently, we could

amplify SINE 1-1 from ail species, but no amplification product was obtained from

accessions 101146 and 105281 ofO. meridionalis. The sequences ofSINEl-1 contained

two indels. A unique most parsimonious tree of 30 steps was derived from these

sequences (Figure Id). The tree poorly resolves the species relationships. but performed

weil on grouping the accessions into species, with the exception of the O. satival O.

rufipogon/ O. meridionalis c1ustering. Again, the O. sativa accessions were polyphyletic.

The NJ method (Figure 2d) grouped the same taxa into branches, but the branching order

is a little clearer than in the MP tree. Again, O. barthii and O. glaberrima form a distinct
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branch in both trees. Surprisingly, four accessions of O. saliva appear at a basal position

in the NJ tree, but the length ofthis branch is very short (>0.1 substitution/site).

SINE1-4 could be amplified from aH accessions. O. longislaminata was polymorphie

with accessions 101198 and 101205 appearing as heterozygotes while accession 81968

had only one amplicon. Amplification with the SINE1-4 primers yielded additional

polymorphisms due to a 166 bp insertion in several accessions. As previously reported

(Mochizuki el al. 1993), the insertion corresponds to a MITE (e.g. Tnr2) within the

targeted p-SINE element. The nested MITE was found in two o. nivara accessions. O.

glumaepatula, o. glaberrima, two O. longislaminala accessions, O. barthii, and two o.

meridionalis accessions. Tnr2 was also found in one O. saliva accession, while absent in

the five other accessions. A total of five indels (other than the Tnr2 insertion) were lound

in the amplified sequences. Four were associated with Tnr2 and one was found in SINE1­

4. The sequences ofSINEI-4 (excluding the sequence ofTnr2) yielded three equally most

parsimonious trees \vith 39 steps. The poor resolution of the MP consensus tree (Figure

le) is most likely due to the uneven distribution of the characters among the taxa. Ten

characters support the basal dichotomy, and six characters support the monophyletic

group of sequences lacking Tnr2. The remaining characters cannot provide much more

resolution. Although the character corresponding to presence/absence ofTnr2 carnes a

weight of 1, the trees obtained with SINE1-4 c1early divided the accessions of O. sativa,

O. meridionalis and O. nivara into two groups, according to the Tnr2 insertion, resulting

in an unexpected topology where most O.saliva accessions are close relatives of

O./ongistaminata and O.meridionalis. A similar topology Was generated using NJ method

(Figure 2e).

Although the sequences of SINE 1-1 and SINE1-4 have a number of parsimony

infonnati'le sites similar to the sequences of ACI-I, CRA-I. UNCI-l. and UNC2-2

(Table 3), the length of the SINEs is considerably shorter than any other TE sequences

investigated. SINE 1-1 and SINE1-4 are therefore the most variable markers in our study.

with respectively 15.9% and 20.2% oftheir characters being parsimony informative.
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Unclassijied rice transposons

CRA-l is similar to the previously reported nce crackle element (Song et al. 1998). This

element has no apparent TIRs~ does contain subterminal inverted repeats (SIRs) of91 bp,

and has a 9 bp TSO. These characteristics are reminiscent of non-TIR MULEs but the

actual classification of crackle is still unknown. CRA-l could not be amplified from

accession 101198 and 101205 ofO. longistaminata, and accessions 101146 and 105281

of O. meridionalis. Although a product has been amplified in accession 81968 of

O.longistaminata~it could not be accurately sequenced. The elements were variable in

length because of5 to 48 bp indels shared by diverse species. Four indels were added to

our matrix as new characters. Thirteen equally parsimonious trees of 39 steps were

obtained. Although O. saliva accessions were grouped together, accession 105283 ofO.

meridionalis and o. nifipogon still form a cluster. [n both the MP and NJ trees~ the O.

nivara accessions fonn a branch sister to the o. sativa group. The other species were

clustered diversely in the 13 most parsimonious trees~ 50 that the strict consensus MP tree

(figure 1t) shows much less resolution than the NJ tree (Figure 2t)

UNCl-l has been described as unclassified-[ (Turcotte et al. 2001) with no apparent T[R.

LTR or poly A structure~ and a TSD of 9-11 bp. We could determine that UNC 1-1

contains SIRs that are very conserved among members ofthis group, while the termini of

these elements are more variable. Like crackle. these features are reminiscent of non-TIR

MULEs. Amplification of UNC 1-1 from aIl 22 accessions investigated was possible.

Seven indels present within the sequence of this element were added to the matrix. 23

parsimony infonnative characters were determined. A unique most parsimonious tree of

40 steps was obtained. Except for the position of O.meridionalis accession 105283. the

MP tree (Figure Ig) is concordant with the NJ tree (Figure 2g) although less resolved.

Using UNCl-l as a Marker resulted in an unusual topology. where O. saliva is

polyphyletic and four accessions appear closely related to O.meridionalis.

UNC2-2 belongs to the group unclassified-II (Turcotte et al. 2001). This group ofelement

is also reminiscent of non-TIR MULEs. We have amplified UNC2-2 from an intergenie

region in most AA genome riee species. An empty site was found in O. meridionalis
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accessions 101146 and 105281, and revealed a perfect 8 bp TSD. ûther than the empty

sites, sequences ofUNC2-2 revealed three indels. These sequences generated a unique

most parsimonious tree of45 steps (Figure Ih). This tree groups ail O. sativa accessions

in a cluster with O. ntfipogon, o. nivara and accessions 105283 of O. meridionalis. O.

barthii and O. glaberrima again fonn a distinct branch, and the three O. longistaminata

accessions appear at a basal position. Again, MP (Figure Ih) and NJ (Figure 2h) methods

yielded very similar trees.

Combined matrices

Ali variable characters (parsimony informative or not) from TE sequences of ail data sets

were used ta form a combined matrix.lnformation about insertion polymorphisms was

scored as presence or absence of TE and added to this matrix for a total of277 characters.

Characters corresponding ta TE insertions were given more weight than nudeotide

characters. Different values have been tested. A weight of 1: 1 (ail characters equally

weighted) yielded a MP strict consensus tree with almost no resolution and a highly

homoplasic NJ tree where most insertion/excision events occured independantly in

different lineages (not shawn). [ncreasing the weight of insertion polymorphisms reduced

the homoplasy~ but O. nivara accession 101508 no longer cluster with the two ather o.
nivara accessions because it lacks TOI2. o. longistaminata accession 81968 was doser to

the other accessions of this species, at the base of the tree, with O. meridionalis

accessions 101146 and 105281. Weighting the insertion polymorphisms with increasing

values (6: 1 to 50:1) yielded identical trees using MP method. These trees are perfectly

concordant with a NJ tree obtained when insertion polymorphisms carry a weight of 15:1

(Figure 3a). Increasing the weight ratio over 15:1 results in O. saliva accession 636 and

O. glumaepatula becoming more basal and loss of resolution. [n any case, o. saliva and

O.nivara are polyphyletic because of the TOI2 insertion. It would be possible to root these

trees with O. meridionalis accessions 101146 and 105281 because these sequences lack

UNC2-2, TIA-I and both MULEs~ or with O. longistaminata which lacks T8R-2. TIA­

l, and both MULEs.
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Because of the unusual distribution ofTnr2 and other SINE1-4 characters, a combined

matrix excluding these variables \Vas also used to generate cladograms (Figure 3b). A

topology much more in line with established phylogenetic relationships was obtained

using MP (not shown) and NJ (Figure 3b) methods. Ali O. saliva accession form a

monophyletic clade, and ail o. nivara accessions form a second monophyletic clade sister

to O. saliva. Accessions of O. barlhii and O. glaberrima still cluster together, but their

position as sister to the O. salivai O. nivara clade is new. Again~ o. rlljipogon and o.
meridionalis accession 105283 cluster together, as well as accessions ofO./ongislaminata

and the remaining accessions of o. meridionalis, which appear as the most distantly

related species because they lack MU9-2, MU9-3, and TIA-l. As for the previous tree, it

is possible to root this tree \vith O. longistaminara or O. meridionalis accessions 101146

and 105281.
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Discussion

Phylogeny ofrice species

Except for the clustering of O. barthii with o. glaberrima~ trees generated with the

individual data sets have variable topologies. This incongruance probably indicates that

the nucleotide sequences ofa single TE do not provide sufficient phylogenetic signal to

clearly resolve relationships between species of the O.saliva complex. A similar analysis

based on a rice Tourist element yielded a tree with a poor resolution as weIl (Iwamoto el

al. 1999). The phylogenetic trees shown in figures 1 and 2~ atthough variable_ reflect

sorne trends found among previously published trees. For example. O. longistaminala and

O. meridionalis appear at variable basal positions in many of the TE trees~ in agreement

with the trees derived from Tourisl sequences (lwamoto el al. 1999)~ RAPD (Ishii et al.

1996)~ nuclear and chloroplastic genes (Ge et al. 1999)~ and RFLP (Dally and Second

1990; Wang et al. 1992).

Generally, trees derived from individual data sets more clearly reflect the hypothesis of

domestication of the cultivated African nce (O. g/aberrima) from an African progenitor

(O. barthii) than the domestication of the Asian cultivated rice (O. saliva) from O. nivara.

O. longistaminala~ which is the presumed perennial ancestor to the annual African

species, actually appears ancestral in the UNC 1-1 and UNC2-2 trees, but several other

trees do not support this relationship. O. rufipogon., which is the presumed perrenial

ancestor of the annual Asian species~ appears at variable positions in the individual TE

trees. AIso, most data sets did not resolve the relationships between O. saliva and O.

nivara ,or these data sets did not cluster all accessions ofa species together, resulting in

obscure relationships among the Asian species. Obviously, sequences of SINE 1-4 divided

the six accessions of O. saliva and the three accessions of o. nivara according to Tnr2

insertion_ but also according to 5 ather point mutations. Similarly. other data sets caused a

division of these species into different branches based on the sequence variation. In a

previous study, nce strains were classified based on several TE insertions (Mochizuki el

al. 1993). The results also divided accessions of several Oryza species into ditTerent
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groups. For example, accessions of o. sativa and o. rujipogon lacking Tnr2 were found

in group A, while accessions having the Tnr2 insertion belonged to another group.

The frequent clustering of O. nifipogon and accession 105283 of O. meridionalis was

quite unexpected. The hypothesis ofDNA contamination can be eliminated because none

of the accessions investigated are identical in sequence to o. meridionalis accession

105283. Among the ten loci investigated, at least three revealed an amplification

polymorphism between accession 105283 and the other two O. meridionalis accessions.

For example, the Tnr2 insertion in SINEI-4 sequence is present in accessions 101146 and

105281 ~ but not in accession 105283. This is a good indication that these three accessions

have different evolutionary backgrounds. Before 1981, O. meridionalis was not

recognized as a species, and was defined as the Australian annual type of O. rufipogon

(Khush 1997). According to our results, O. meridionalis 105283 is more accuratly

classified as O. nifipogon~ while the other two accessions are distinct from O. rzifipogon.

Despite the uncertain individual TE trees, we could obtain robust trees with good

resolution using combined matrices made ofvariable characters from several data sets

added to the corresponding insertion polymorphisms information. These trees are robust

since different character weighting and different methods (MP, NI) resulted in very

similar topologies. As long as insertion polymorphisms carry more weight than other

characters, the trees were robust and less homoplasic for TE insertion/excision events.

The tree inferred from the combined matrix made of ail variable characters from all TEs

is obviously the less homoplasic because most accessions lacking Tnr2 are clustered

together. However, this tree cluster accessions of a species in different groups and is

incongruent with most trees in the current literature.

The best topology was actually obtained by excluding the Tnr2 insertion from the matrix

as weil as the SINE 1-4 sequence, which carries Tnr2 (Figure 3b). Tnr2 was excluded

because of its very unusual distribution among the accessions, and SINE1-4 was excluded

because the distribution ofseveral SINEI-4 characters follows the distribution ofTnr2. [n

this new tree (figure 3b), O. saliva accessions form a monophyletic group, and ail o.
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nivara accessions form a monophyletic group sister to O. saliva. Accessions of O. barlhii

and O. glaberrima cluster together, as a sister group to the O. salivai O. nivara group.

Again, O. rufipogon and O. meridionalis accession 105283 cluster together. Accessions

ofO. longistaminata and the remaining accessions of o. meridionalis appear distandy

related to the other species because they lack tvfU9-2, MU9-3, and Tl A-1. The position 0 f

O. glumaepatula is not clearly resolved in the current literature. Our data strongly support

its inclusion in the group defined by the insertion ofMU9-2, MU9-3, and TIA-l, but ils

position relative to other species within this group is not defined by a shared apomorphic

TE insertion. The tree shown in figure 3b is very consistent with the hypothesis of

domestication of the two cultivated rice species from the annual O. nivara and O. barthii

as previously described. However, the relationships with putative ancestral perennial

species are more obscure. The position of O. rufipogon is not strongly supported in the

NJ tree and is not resolved in the MP tree (not shown). On the other hand, the distribution

ofTIA-l, MU9-2 and MU9-3 strongly support the dichotomy between the O.

meridionalislO. longislaminata cluster and the cluster fonned by ail others. This result

supports those based on RFLP (Wang et al. 1992), RAPD (Ishii et al. 1996), and

Stowaway insertions (Kanazawa et al. 2000), but strongly disagree with topologies

obtained from Tourist sequences (lwamoto el al. 1999), and nuclear and chloroplastic

gene sequences (Ge et al. 1999). Therefore, our data is in contradiction with the

hypothesis that O. longistaminala is the ancestor to the cultivated African rice (Khush

1997), in which case the ancestor to O. barthii and O. glaberrima, the ancestor to O.

nivara and O. sativa, and the ancestor to O. glumaepatula would have acquired

independently the sarne TIA-l, MU9-2 and MU9-3 insertions in exact homologous loci.

Insertion polymorphisms rather suggest an earlier divergence of O. longistaminata. before

insertion ofthese three TEs in their locus.

The distribution of MU9-2., MU9-3, TIA-l, and UNC2-2, which are absent from O.

meridionalis accessions 101146 and 105281, indicates that the root may be placed at the

node leading to these two O. meridionalis accessions. Independent excision events seem

more likely to occur than independent insertions of the same element in the same locus.

between the same two nucleotides. Consequently, it is likely that T8R-2 inserted in the
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genome ofan ancestor to the AA genome rice species, before the speciation events

occurred. Multiple parallel excisions of this TE must be assumed to reflect its distribution

among the accessions investigated. Indeed, O. longistaminata, O.glumaepatula, and

O.rufipogon alliack T8R-2, but do not fonn a monophyletic clade. Similarly, it is likely

that the presence ofTnr2 was the ancestral state and that it has independentlyexcised

from the accessions lacking this element. The tree could alternatively be rooted with o.
longistaminata. [n this situation, the comnlon ancestor probably contained the UNC2-2

element, which afterward excised from the ancestor to O. meridionalis accessions 101146

and 105281, and T8R-2 would have inserted in its locus after O. longislaminata diverge.

Previous studies of rice species from different genome types place o. meridionalis at the

base of the AA-genome species (Ge et al. 1999; Wang et al. 1992), and an analysis of a

Tourist insertion even suggests that this node may represent the common ancestor to aIl

Oryza species (Iwamoto el al. 1999). We therefore may hypothesize that the AA genome

originated in Australia where o. meridionalis evolved, and spread to Africa (O.

longistaminata, O. barthii. O. glaberrima), Asia (O. nivara. o. saliva), and America (O.

glumaepatula).

Although SINE1-4 gives an unusual phylogenetic signal, SINEs are the most informative

markers tested in this study, according to their high number of parsimony informative

sites. However, the identification ofSINEs in genomic sequences is not as simple as the

identification ofTEs that are delimited by TIRs. MITEs, Ac-like elements and MULEs

for examples can easily be identified by characterisation oftheir TIRs and TSD.

However, the nucleotide sequences of the MITEs and Ac-like elements investigated in

this analysis are not variable enough to resolve phylogenetic relationships among species

when used individually. The sequences of ACl-1 could generate a tree with good

resolution (Figure lc and 2c), but a tree based on a single marker may not be reliable.

Therefore, we combined the infonnation relative to TIA-l, T8R-2, and ACI-I and

constructed a cladogram (not shown) based on this third combined matrix, which

contained 98 characters. Again, a weight ratio of 15: 1 was given to insertion

polymorphism characters. In the NJ tree. O. saliva is a polyphyletic group that includes

O. nivara and o. meridionalis accession 105283. The o. barthiilO. glaberrima group is
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sister to the O. sativa group. O. meridionalis accessions 101146 and 105281 appear at an

intermediate position rather than at the base of the tree. The topology obtained therefore

contrasts with most trees previously published. Moreover, the fact that 2798 equally

parsimonious topologies have been obtained using MP method, and that the resulting

strict consensus tree is almost not resolved, indicates that this matnx may not be reliable.

TEs as phylogenelic markers

Different aspects of transposable elements can influence their use as phylogenetic

markers. The absence of a TE from its locus may correspond ta a site that has never

received the TE insertion (e.g. empty site) or to a site that has once contained the TE., but

the element has excised (e.g. excision site). An empty site would most likely be ancestral

to other sequences having the corresponding insertion. However. in the case of a perfect

excision (e.g. no footprints), the excision site is identical ta an empty site. In the present

study, we have reconstructed phylogenetic hypotheses from nucleotide sequences of TEs.

Therefore., accessions having an empty site were excluded from individual data sets.

However., the presence and absence of the insertion was scored as unordered character

states., because no footprints were found to indicate an excision event, and this valuable

information was added to combined matrices. Though the presence or absence of TEs are

very informative phylogenetic markers., the exemple of the possible multiple parallel

excisions ofTnr2 and T8R-2 indicate that care must be taken in the intrepretation of

cladograms resulting from such markers and that the inclusion ofmore active

transposable elements may complicate phylogenetic interpretation.

The topoLogy of the trees inferred in this study impLy excision of at least two TEs. Tnr2

and T8R-2 are absent from accessions that cannot be grouped in monophyletic groups.

For example., if we force o. longislaminata accession 81968 to cluster with other

accessions lacking Tnr2. we consequently introduce an accession lacking TIA-l., MU9-2

and MU9-3 into a group of accessions that possess these TE insertions. The resulting

topoLogy is more homoplasic. Tnr2 has been reported as putative class II transposon of

157 bp. with 56 bp TIRs and a TSD of 8 bp. To the best ofour knowledge., the mobility of

this element is not documented. T8R-2 is a Tourist MITE. Excision of MITEs is thought
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to be a rare event (Wessler 1998; Wessler et al. 1995) and has not been extensively

documented. Evidence for excision ofa Stowaway MITE in Triticeae have recently been

reported (Petersen and Seberg 2000). The authors found that the species having a putative

excision footprint aiso share a mononucleotide that is absent fonn sequences bearing the

Stowaway element and from sequences having a perfect empty site. They suggest that the

mononucleotide C is inserted during excision of the element. Analysis of our data did not

reveal any footprint. However~ accessions lacking T8R-2 share 10 nucleotide

substitutions in the sequences flanking the TE insertion site. Likewise, the accessions

lacking Tnr2 share 5 nucleotide substitutions in the sequences flanking the Tnr2 insertion

site. Based on the other data sets~ these accessions do not cluster in a monophyletic group,

meaning that the excisions have probably occured independantly, rather than in a unique

common ancestor. As suggested for the insertion of a C in the the excision event reported

for the Triticeae (Petersen and Seberg 2000), we May hypothesize that the shared

nucleotide substitutions in the flanking sequences are generated by a mechanism of

excision that is very specifie.

The time of insertion ofa TE in its locus would also impact phylogenetic reconstructions.

Very recent insertions would be present in a limited number of closely related taxa, and

would most likely have very similar sequences. Ancient insertions may allow comparison

of more distantly related tax~ whose sequences may aIso have accumulated more

mutations. The occurrence of these mutations at a constant rate during evolution of the

taxa is also important. In tbis study, characters were often dispersed on most internaI

branches (e.g. the tree constructed from AC 1-1 sequences). However, the sequences of

SlNEI-4 provided Many characters supporting the early divergence of the taxa examined~

but very few characters for further diversification.

A good marker should be easy to amplify and to sequence. The presence ofa poly A track

in TEs cao be problematic. For exampIe, the sequences ofT8R-2 contain a short poly A

track that resulted in slippage during sequencing. However, other sequences in this

aoalysis contained longer poly A tracks and were still easily sequenced. Certain structural

features typical ofTEs May also complicate their use as phylogenetic markers. Although
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T8R-2 has short TIRs, the presence of long TIRs may result in the formation ofa hairpin

structure, that could hinder the amplification or sequencing process. The elements MU9-2

and MU9-3 were selected for their short length compared to other MULE members. Their

TIRs are approximately 250 bp long, so that only -50 bp separate the 5' TIR from the 3'

TIR sequences. The resulting potential to form secondary structure (dG=-195~8

kcal/mole) may therefore be responsible for the difficulties encountered with direct

sequencing of the amplification products. Attemps were made to solve tbis problem using

an alternative chemistry on a LI-COR system, but as cloning ofMU9-2 and MU9-3 was

problematic, the situation was not resolved.

The elements used in this study were selected primarily for their small size such that

amplification and direct sequencing could be easily and rapidly performed. TEs from

certain families, such as LTR retroelemeots, were definitely too large to be used as

markers in our study. ln contrast. the size of the elements was not a concern for noo­

autonomous MITEs and SINEs because they are aU of small size. Moreover, for the

purpose of primer design, it is interesting to have iotronic TEs that cao be amplified from

conserved flanking exons, and MITEs are often found in the flanking sequences ofgenes

or in their introns. Other families, such as Ac-like and MULEs. have members variable in

size, and smaller representatives could be selected.

Use ofTEs in phylogenetics

The variability obtained from nucleotide sequences of transposable elements appears to

be appropriate for studying relationships at the species level. Because phylogenetic

hypotheses rely on sequence alignments, it is of primary importance that nucleotide

sequences be aligned with confidence, as they were in this analysis. Loci offering more

variable sites, such as SINEl-l and SINEl-4, may be more informative than those more

conserved like the loci ofTlA-l and T8R-2, although a reasonable tree could be obtaioed

with NJ method for the TIA-l data set. Most data sets in this study were not variable

enough to allow discrimination of accessions within a species or in certain cases

accessions ofclosely related species such as o. barthii and O. glaberrima. Resolution of

such lower level relationships would require more variable markers. Although the
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nucleotide sequence ofTEs did not provide such variability in our study~ it is possible to

take advantage of the abundance and genome-wide distribution ofTEs and obtain the

required variability for discriminating cultivars. For example~ inter-MITE polymorphisms

(IMP) were successful in fingerprinting barley lines (Chang et al. 2001). Alu-based

amplification has also been found useful in human genome analyses (Nelson et al. 1991).

Higher level relationships can still be studied with TEs. [n our study~ most species in AA

genome do possess the selected TE insertions. Sorne of these insertions rnay be shared by

more distantly related species or even closely related genera. Other than sequence

comparison, insertion polymorphism appears to be a very powertill tool for phylogenetic

analyses at this level. Because class 1elements apparently do not excise~ class 1 insertion

polymorphisms are unequivocal characters that are very useful for phylogenetic studies

(Hillis 1999; Miyamoto 1999; Shedlock and Okada 2000). Studies of primates (Schmitz

et al. 2001), cetartiodactyls (Lum et al. 2000)~ and cetacean lineages (Nikaido et al. 2001)

for example~ took advantage of the SINE and LINE unequivocal insertion polymorphisms

to shed light on the relationships among these organisms. The usefulness of these

retroelements in phylogenetic analyses is now broadly recognized (Hillis 1999; Miyamoto

1999; Shedlock and Okada 2000).

In our study, insertion polymorphism and sequence alignements of transposable element

have confirmed the close relationship between the two cultivated nce species and their

wild annual progenitor. Information from MITE TIA-l as weil as two MULEs. MU9-2

and MU9-3, have shed light on the position of O. longistaminata relative to other AA

genome species. Though the presence or absence ofTEs are very informative

phylogenetic markers, possible multiple parallel excisions ofTEs indicate that care must

be taken in the intrepretation of cladograms resulting from such markers and that the

inclusion of more active TEs May complicate phylogenetic interpretation. Although the

structure and sequence of transposons cao sometimes complicate the amplification or

sequencing procedures, they still provide valuable phylogenetic signaIs that should be

seen as a complement to analyses based on other types of markers.

152



Acknowledgments

M. Jackson (IRRI, Los Banos, Philippines) is acknowledged for kindly providing seeds.

We are grateful to Richard Langlois, Julie Landry and Nancy St-Gelais for valuable

technical assistance in sequencing. This work was supported by DNA Landmarks inc., an

FCAR (Fonds pour la Fonnation de Chercheurs et l'Aide a la Recherche) scholarship to

K.T., and an NSERC (Natural Sciences and Engineering Research Council of Canada)

grant to T.B.

153



References

Aggarwal, R. K., D. S. Brar and G. S. Khush, 1997 Two new genomes in the Oryza

eomplex identified on the basis of moleeular divergence analysis using total genomic

DNA hybridization. Mol. Gen. Genet. 254: 1-12.

Bureau, T. E., P. C. Ronald and S. R. Wessler, 1996 A eomputer-based systematie survey

reveals the predominance of small inverted-repeat elements in wild-type riee genes. Proe.

Nad. Aead. Sei. USA 93: 8524-8529.

Bureau, T. E. and S. R. Wessler, 1994 Mobile inverted-repeat elements of the Tourist

famiIyare assoeiated with the genes ofmany eereal grasses. Proe. Nat!. Aead. Sei. USA

91: 1411-1415.

Capy, P., G. Gasperi, C. Biernont and C. Bazin, 2000 Stress and transposable elements:

co-evolutioo or useful parasites? Heredity 85: 101-106.

Chang, R.-Y., L. S. O'Donoughue and T. E. Bureau, 2001 Inter-MITE polymorphisms

{lMP}: a high throughput transposon-based genome mapping and fingerprinting approach.

Theor. Appt. Genet. 102: 773-781.

Cordesse, F., R. Cooke, D. Tremousaygue, F. Grellet and M. Delseny, 1993 Fine

structure and evolution of the rDNA intergenic spacer in rice and other cereais. J. Mol.

Evol. 36: 369-379.

Dally, A. M. and G. Second, 1990 chloroplast DNA diversity in wild and cultivated

species of rice (Genus Oryza, section Oryza). Clasdistic-mutation and genetic-distance

analysis. Theor. Appl. Genet. 80: 209-222.

Dellaporta, S. L., J. Wood and J. B. Hicks, 1983 A plant DNA minipreparation: version

II. Plant Mol. Biol. 1: 19-21.

Ge, S., T. Sang, B. R. Lu and D. Y. Hong, 1999 Phylogeny of rice genomes with

emphasis 00 origins ofallotetraploid species. Proc. Nad. Acad. Sei. USA 96: 14400­

14405.

Hall, T. A., 1999 BioEdit: a user-friendly biological sequence alignment editor and

analysis program for Windows 95/98/NT. Nucleic Acids Symp. Sere 41: 95-98.

Hillis, D. ~L. 1999 SINEs of the perfect charaeter. Proe. Nad. Acad. Sei. USA 96: 9979­

9981.

154



Hirano, H. Y., K. Mochizuki, M. Umeda, H. Ohtsubo, E. Ohtsubo and Y. Sano, 1994

Retrotransposition ofa plant SINE into the wx locus during evolution of riee. J. Mol.

Evol. 38: 132-137.

Initiative, T. A. G., 2000 Analysis of the genome sequence of the flowering plant

Arabidopsis thaliana. Nature 408: 796-815.

Ishii, T., T. Nakano~ H. Maeda and O. Kamijima, 1996 Phylogenetie relationships in A­

genome species of riee as revealed by RAPD analysis. Genes Genet. Syst. 71: 195-201.

Ishii, T., T. Teraehi and K. Tsunewaki, 1988 Restriction endonuclease analysis of

ehloroplast DNA from A-genome diploid species ofrice. Jpn. 1. Genet. 63: 523-536.

Iwamoto, M., H. Nagashima, T. Nagamine, H. Higo and K. Higo~ 1999 A Tourist element

in the 5'-flankïng region of the catalase gene CalA reveals evolutionary relationships

among Oryza species with various genome types. Mol. Gen. Genet. 262: 493-500.

Kanazawa, A., M. Akimoto, H. Morishima and Y. Shimamoto~ 2000 Inter- and intra­

specifie distribution ofStowaway transposable elements in AA-genome speeies of wild

riee. Theor. Appl. Genet. 101: 327-335.

Khush, G. S., 1997 Origin, dispersal, eultivation and variation ofriee. Plant Mol Biol 35:

25·34.

Kidwell, M. G. and D. Liseh, 1997 Transposable elements as sources of variation in

animais and plants. Proe. Nad. Acad. Sei. USA 94: 7704-7711.

Le, Q. H., K. Tureotte and T. Bureau, 2001 Tc8, a Tourist-like transposon in

Caenorhabditis elegans. Genetics 158: 1081-1088.

Le, Q. H., S. Wright. Z. Yu and T. Bureau, 2000 Transposon diversity in Arabidopsis

thaliana. Proe. Nad. Acad. Sei. USA 97: 7376-7381.

Lum, J. K., M. Nikaido, M. Shimarnura, H. Shimodaira, A. M. Shedlock. N. Okada and

M. Hasegawa, 2000 Consistency of SINE insertion topology and flanking sequence tree:

quantifying relationships among cetartiodaetyls. Mol. Biol. Evol. 17: 1417-1424.

Makalowski, W., 2000 Genomie serap yard: ho\v genomes utilize a11 thatjunlc Gene 259:

61-67.

Mao, L.. T. C. Wood, Y. Yu. M. A. Budiman, J. Tomkins, S. woo~ M. Sasinowski, G.

Presting, D. Frisch, S. Goff. et al., 2000 Riee transposable elements: a survey of 73,000

sequenee-tagged-eonnectors. Genome Res. 10: 982-990.

155



Meyerowi~ E. M. (1994). Structure and organisation of the Arabidopsis thaliana nuclear

genome. In: Arabidopsis. Meyerowitz, E. M., and Sommerville, C. Eds. Cold Spring

Harbor, Cold Spring Harbor Laboratory Press: 21-36.

Miyamoto, M. M., 1999 Molecular systematics: Perfect SINEs ofevolutionary history?

Curr. Biol. 9: R816-819.

Mochizuki, K., H. Ohtsubo, H. Hirano, Y. Sano and E. Ohtsubo, 1993 Classification and

relationships of rice strains with AA genome by identification of transposable elements at

nine loci. Jpn. J. Genet. 68: 205-217.

~.,1ochizuki, K., M. Umeda, H. Ohtsubo and E. Ohtsubo, 1992 Characterization of plant

SINE, p-SINEl, in rice genomes. Jap. J. Genet. 57: 155-166.

Morishima, H., K. Hinata and H. 1. Oka, 1963 Comparison of modes ofevolution of

cultivated foons from two wild rice speeies, Oryza breviligulata and O. perennis.

Evolution 17: 170-181.

Morishima, H. and H.-L Oka. 1960 The pattern of interspecfic variation in the genus

Oryza: its quantitative representation by statistical methods. Evolution 14: 153-165.

Nelson, D. L., A. Ballabio, M. F. Victoria. M. Pieretti, R. O. Bies, R. A. Gibbs, J. A.

Maley, A. C. Chinault, T. D. Webster and C. T. Caskey, 1991 Alu-primed polymerase

chain reaction for regional assignment of 110 yeast artificial chromosome clones from the

human X chromosome: identification ofclones associated with a disease locus. Proc.

Nad. Acad. Sei. USA 88: 6157-6161.

Nikaido, M., F. Matsuno, H. Hamilton" R. L. Brownell, Jr." Y. Cao, W. Ding" Z. Zuoyan,

A. M. Shedlock, R. E. Fordyce, M. Hasegawa. et al." 2001 Retroposon analysis of major

cetacean lineages: the monophyly of toothed whales and the paraphyly of river dolphins.

Proc. Nad. Acad. Sei. USA 98: 7384-7389.

Oka, H. L" 1974 Experimental studies on the origin ofcultivated rice. Genetics 78: 475­

486.

Oka. H. 1." 1988 Origin ofcultivated rice. Tokyo, Japan Scientific Societies Press.

Petersen, G. and O. Seberg, 2000 Phylogenetic evidence for excision ofStowaway

miniature inverted-repeat transposable elements in Triticeae (Poaceae). Mol. Biol. Evol.

17: 1589-1596.

156



RycWik, W. and R. E. Rhoades, 1989 A computer program for choosing optimal

oligonucleotides for tilter hybridization, sequencing and in vitro amplification of DNA.

Nucleic Acids Res. 17: 8543-8551.

SanMiguel, P., A. Tikhonov, Y. K. Jin, N. Motchoulskaia, D. Zakharov, A. Melake­

Berhan, P. S. Springer, K. J. Edwards, M. Lee, Z. Avramova et al., 1996 Nested

retrotransposons in the intergenic regions of the maize genome. Science 274: 765-768.

Sano, Y. and R. Sano, 1990 Variation in the intergenic spacer region ofribosomal DNA

in cultivated and wild rice species. Genome 33: 209-218.

SantaLucia, J. J., 1998 A unified view of polymer, dumbbell, and oligonucleotide DNA

nearest-neighbor thermodynamics. Proc. Nad. Acad. Sei. USA 95: 1460-1465.

Schmitz, J., M. Ohme and H. Zischler, 2001 SINE insertions in cladistic analyses and the

phylogenetic affiliations of Tarsius bancanus to other primates. Genetics 157: 777-784.

Second, G., 1982 Origin of the genic diversity ofcultivated rice (Oryza spp.); study of the

polymorphism scored at 40 isozyme loci. Jpn. J. Genet. 57: 25-57.

Second, G., 1985 Evolutionary relationships in the sativa group ofOryza based on

isozyme data. Genet. Sel. EvoL 17: 89-114.

Shedlock, A. M. and N. Okada, 2000 SINE insertions: powerful tools for molecular

systematics. Bioessays 22: 148-160.

Song, W. Y., L. Y. Pi, T. E. Bureau and P. C. Ronald, 1998 Identification and

characterization of 14 transposon-like elements in the noncoding regions of members of

the Xa21 family of disease resistance genes in rice. Mol. Gen. Genet. 258: 449-456.

Staden, R., K. F. BeaI and J. K. Bonfield~ 2000 The Staden package, 1998. Methods Mol.

Biol. 132: 115-130.

Swofford, D. L. (2000). PAUP*. Phylogenetic Analysis Using Parcimony (*and Other

Methods). Sunderland, Massachusetts, Sinauer Associates.

TarchinL. R., P. Biddle~ R. Wineland, S. Tingey and A. Rafalski, 2000 The complete

sequence of340 kb ofDNA around the rice Adhl-adh2 region reveals interrupted

colinearity with maize chromosome 4. Plant Celll2: 381-391.

Thompson, J. D.. D. G. Higgins and T. J. Gibson, 1994 CLUSTAL W: improving the

sensitivity of progressive multiple sequence alignment through sequence weighting,

157



position-specifie gap penalties and weight matrix choice. Nucleic Aeids Res. 22: 4673­

4680.

Turcotte, K., S. Srinivasan and T. Bureau, 2001 Survey of transposable elements from

rice genomic sequences. Plant J. 25: 169-179.

Wang~ Z. Y., G. Second and S. D. Tanksley, 1992 Polymorphism and phylogenetie

relationships among speeies in the genus Oryza as detennined by analysis of nuc1ear

RFLPs. Theor. Appl. Genet. 83: 565-581.

Wessler, S. R., 1998 Transposable elements and the evolution of gene expression. Symp.

Soc. Exp. Biol. 51: 115-122.

Wessler~ S. R., T. E. Bureau and S. E. White~ 1995 LTR-retrotransposons and MITEs:

important players in the evolution of plant genomes. Curr. Opin. Genet. Dev. 5: 814-821.

Yi, Q. M., W. G. Deng, Z. P. Xia and H. H. Pang, 1995 Polymorphism and genetic

relatedness among wild and eultivated nee speeies determined by AP-PCR analysis.

Hereditas 122: 135-141.

158



Table 1 Distribution ofTEs among aIl accessions tested

species accession TE distribution

- ~ - N
N M 1 1 - 1 1- N - 1 1 - - 1 - N

1 1 1 0' 0' ~ ~ < U U-< 0::: - ::> ::> Z z E3 z z
~ e: Co)

< ~ ~ - - :J :J00 00

O. saliva L. (Indica) 636 + + + + + + > + + +

o. saliva L. (Japonica) 7288 + + + + + + + + + +

O. saliva L. (Japonica) 244 + + + + + + + + + +

O. saliva L. (Indica) 754 + + + + + + + + + +

O. saliva L. (lndica) 611 + + + + + + + + + +

O. saliva L. (Japonica) 42576 + + + + + + + + + +

O. rufipogon Griff. 104642 + - + + + + + + + +

O. nivara Shanna. 101508 + + + + + + + + + +

O. nivara Sharma. 104684 + + + + + + > + + +

O. nivara Sharma. 105703 + + + + + + > + + +

O. glumaepalula Steud. 100971 + - + + + + > + + +

O. glaberrima Steud. 100139 + + + + + + > + + +

O. glaberrima Steud. 104562 + + + ') + + > + + +

O. longislaminala A. Chev. et 81968 < - + - - + + + + +

Roehr.

O. longislaminala A. Chev. et 101198 < - + - - + > 'J + +

Roehr. +

O. longislaminala A. Chev. et 101205 < - + - - + > 'J + +

Roehr. +

O. barthii A. Chev. 101252 + + + + + + > + + +

o. barthii A. Chev. 104286 + + + + + + > + + +

O. barthii A. Chev. 104290 + + + + + + > + + +

o. Meridionalis Ng 101146 - + 'J - - + > 'J + -

O. Meridionalis Ng 105281 - + 'J - - + > 'J + -

O. Meridionalis Ng 105283 + + + ') + + + + + +
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+ identifies a fragment corresponding to the expected length of TE insertion

- identifies a fragment corresponding to the expected length an empty site

< and > identifies fragments respectively shorter and longer than the expected size of a

TE insertion

? identifies locus that could oot be amplified in the corresponding accession.
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Table 2 Selected TEs and expected size of the amplification products

TE TE type Position of primers a Length PCR Locus

product b

TIA-l Tourist 20287 926 (606) phy18 (intron 5)

MITE F (8565-8583)

R (9490-9470)

T8R-2 Tourist 8468049 820 (624) Putative eukaryotic

MITE F (25812-25829) translation initiation

R (2663 1-26609) factor 3 large subunit

(intron 1)

ACI-I Ac-Iike 10179050 878 (178) Hypothetical protein

F (39138-39155) (intron 1)

R (40015-39994)

MU9-2 MULE 6006355 897 (336) Intergenic region

F (137696-137714)

R (138570-138549)

MU9-3 MULE 11875148 894 (333) Intergenic region

F (59672-59692)

R (60544-60523)

SINE1-1 p-SINE (Hirano el al. 1994) 283 (144) wx+ (untranslated 5-

region)

SINEI-4 p-SINE (Mochizuki et al. 433 (125) nia

1993)

CRA-l undeter- 5042437 552 (312) Hypothetical protein

rnined F (32330-32351) (intren 8)

R (32862-32843)

UNCI-l undeter- 5670155 866 (297) nia

rnined F (44997-44977)

R (45844-25821)

UNC2-2 undeter- 5091496 705 (367) Intergenic region

rnined F (93758-93 779)

R (94446-94430)
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a The tirst number refers to the Genbank GI number of the sequence from which primers

were designed. Number in parenthesis refers to the position of the selected primers. F

and R indicate respectively the forward and reverse primers.

b The number in parentheses corresponds to the expected size of an empty site.

nia Not available
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Table 3 Number ofparsimony informative sites.

# sites/ length %

TIA-l 9/338 2,7

T8R-2 6/198 3,0

AC1-1 29/635 45

MU9-2 nia nia

MU9-3 nia nia

SINEl-l 22/138 15~9

SINE1-4 261129 20,2

CRA-l 20/387 52

UNC1-1 23/431 5,3

UNC2-2 25/363 6~9
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Figure 1. Maximum parsimony strict consensus trees derived from individual TE data

sets.
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Figure 2. Neighbor joining trees derived from individual TE data sets. Dashed lines

identify branches of length < 0,1 (total character difference, Jukes Cantor).
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Figure 3. a) Neighbor joining tree derived from a combined matrix of all variable

characters from ail eight data sets and the corresponding insertion polymorphisms

information. Insertion polymorphisms carry a weight of 15:1 relative to other characters.

The MP strict consensus tree derived from the same matrix is perfectly congruent \vith

this tree~ although less resolved. Putative insertion and excision events are indicated with

symbol + and - respectively. TEs that are not indicated were most likeLy present in the

common ancestor. Dashed lines identify branches that collapse in the MP strict consensus

tree.

b) Neighbor joining tree derived from a combined matrix of variable characters from

several data sets and the corresponding insertion polymorphisms information. excluding

Tnr2 and SINE1-4. Insertion polYmorphisms carry a weight of 15:1 relative to other

characters. The MP strict consensus tree derived trom the same matrix is pertèctly

congruent with this tree~ although less resolved. Putative insertion and excision events are

indicated with symbol + and - respectively. TEs that are not indicated were most likeLy

present in the common ancestor. Dashed lines identify branches that collapse in the MP

strict consensus tree.
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Final condusioD

The genome ofOryza sativa L. (domesticated rice) contains diverse transposable

elements from both class l and II. The TEs identified contributed approximately 20% of

the sequences surveyed. Elements from most major families of plant transposable

elements were identified~ and new groups were reported for these families. MITEs

(miniature inverted-repeat transposable elernents) account for >70% of the rnined TEs

and are clearly the predominant type ofelement in the sequences examined. There are

three archetypal plant MITEs known as TOllrist. Stowaway and Emigrant. each ofwhich

can be defined by a specifie tenninal inverted-repeat sequence signature. ln rice. ooly

Tourist-like and Stowaway-like MITEs have been identified, and a putative Stowaway

transposase has been identified based on shared sequence similarity with the mined

MITEs and previously identified transposases. A high resolution phylogenetic analysis of

the putative transposases of several transposable elements revealed that Stowaway and

Emigrant are both related to members of the previously characterized IS630/Tc l!mariner

superfamily. More specifically Emigrant is cLosely related to the pogo-like familyof

elements, as reported by Feschotte and Mouches (2000), while Stowaway may represent a

novel family. On the other hand, Tourist-like transposons along with prokaryotic IS5-1ike

elements fonn a unique transposon superfamily.

Nucleotide sequences of rvllTEs, Ac-like, l\.-futator-like elements (MULE), short

interspersed nuclear elements (SINEs) and other unclassified elements, as weIl as their

insertion polymorphism data have been used to reconstruct the relationships between rice

species in the AA genome. These analyses have confinned the relationships between the

two cultivated rice species and their wild annual progenitor. Infonnations trom the MITE

TIA-l as weil as two MULEs. MU9-2 and MU9-3, have shed light on the position ofO.

longistaminata relative to other AA genome species. The use of information from a

combination ofTEs generated robust cladograms that are in line with the current

literature. and therefore confirm the usefulness ofTEs as phylogenetic markers.
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•

The progress in sequencing technologies and the increasing interest in genome

sequencing will most likely result in the increasing availability from public databases of

genomic sequences infonnation from different organisms. Therefore~ analyses such as

high-resolution surveys of TEs will be facilitated and will continue to provide valuable

infonnation. Understanding the diversity and distribution ofTEs within the rice,

Arabidopsis and other plant genomes will provide the basis for further functional and

regulatory characterization. Our report exemplifies that thorough TE mining is a key part

of genomic cartography and, ultimately, will help determine the role ofTEs in gene and

genome evolution. TE mining will also provide intonnation useful in the development of

genome mapping~ genome fingerprinting~ gene isolation and gene functional analysis

methodologies. TE-related informations obviously offer new opportunities for

phylogenetic analysis. as a complement to traditional markers.
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