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ABSTRACT

While genome-wide surveys of abundance and diversity of mobile elements have been conducted for
some class I transposable element families, little is known about the nature of class II transposable elements
on this scale. In this report, we present the results from analysis of the sequence and structural diversity
of Mutator-like elements (MULEs) in the genome of Arabidopsis thaliana (Columbia). Sequence similarity
searches and subsequent characterization suggest that MULEs exhibit extreme structure, sequence, and
size heterogeneity. Multiple alignments at the nucleotide and amino acid levels reveal conserved, potentially
transposition-related sequence motifs. While many MULEs share common structural features to Mu ele-
ments in maize, some groups lack characteristic long terminal inverted repeats. High sequence similarity
and phylogenetic analyses based on nucleotide sequence alignments indicate that many of these elements
with diverse structural features may remain transpositionally competent and that multiple MULE lineages
may have been evolving independently over long time scales. Finally, there is evidence that MULEs are
capable of the acquisition of host DNA segments, which may have implications for adaptive evolution,

both at the element and host levels.

HE Mutator (Mu) system is a diverse family of class

I transposable elements (TEs) found in maize.
ROBERTSON (1978) firstidentified Mu elements through
a heritable high forward mutation rate exhibited by
lines derived from a single maize stock. To date, at
least six different classes have been identified in maize
Mutator lines (BENNETZEN 1996). Mu elements have
long (=200 bp) and highly conserved terminal inverted
repeats (TIRs). However, the internal sequences are
often heterogeneous (CHANDLER and HARDEMAN 1992).
Upon insertion, Mu elements typically generate a 9-bp
target site duplication (TSD) of flanking DNA (BENNET-
ZEN 1996). Transposition of Mu elements is primarily
regulated by a member of the MuDR class of the ele-
ments, which contain both mudrA and mudrB genes
(HERSHBERGER et al. 1991, 1995; LiscH et al. 1995).
mudrA encodes the transposase, MURA (BENITO and
WaLBoT 1997; LiscH et al. 1999), which may be related
to the transposases of some insertion sequences (IS) in
bacteria (EISEN et al. 1994), whereas mudrB is nonfunc-
tional for all aspects of Mutator activity (LiscH el al.
1999). As with other mobile elements, some Mu ele-
ments lacking a functional mudrA are capable of transpo-
sition if MURA is supplied in trans (CHANDLER and
HARDEMAN 1992; BENNETZEN 1996). The Mutatorsystem
in maize has been demonstrated to be an active agent
in creating mutation and has been developed as a highly
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efficient transposon-tagging tool for maize gene isola-
tion (WaLBoT 1992). In addition to maize, mudrA-
related genes are apparently expressed in Onza sativa
(E1SEN et al. 1994), Gossypium hirsutum (GI:5046879),
and Glycine max (GI:7640129). However, no systematic
study on the distribution, diversity, and evolution of
Mutator-like elements (MULEs) has been conducted in
any higher plant species other than maize.

Arabidopsis thaliana has become a model organism for
genetic analysis of many aspects of plant biology and is
the first plant species to be targeted for complete ge-
nome sequencing (MEINKE et al. 1998). This sequence
information provides an exceptional opportunity to iden-
tify mobile elements and to characterize their patterns
of diversity at the whole-genome level. The Arabidopsis
genome has recently been shown to harbor numerous
TEs, including MULESs (LIN ef al. 1999; MAYER et al. 1999;
LE et al. 2000). In this report, we analyze the sequence,
structural diversity, and phylogenetic relationship of the
MULE groups that contain member(s) encoding a puta-
tive MURA-related protein in A. thaliana.

MATERIALS AND METHODS

Data mining: Sequences surveyed in this study correspond
to 243 randomly selected large-insert DNA clones (~17.2 Mb)
from the Arabidopsis Genome Initiative (AGI), as described
by Lk et al. (2000). Specifically, sequenced clones released
before December 1998 were chosen for systematic screening
and classifying MULEs. Additional members were then period-
ically mined up to December 1999. Two computer-based ap-
proaches were employed to identify MULEs. The first method
involved using Arabidopsis genomic sequences as queries in
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BLAST (version 2.0; ALTSCHUL et al. 1990; http://www.ncbi.
nlm.nih.gov/blast/) searches, as described by LE et al. (2000).
In addition, each DNA segment (typically the sequence from
one large-insert clone) was compared against its reverse com-
plement using the program BLAST 2 Sequences (TaTusova
and MADDEN 1999) to identify long TIR structures. The ele-
ments were classified into groups on the basis of shared nucleo-
tide sequence similarity (BLAST score > 80). Long TIRs were
defined as terminal-most regions sharing >80% sequence
identity over =100 contiguous base pairs. A detailed descrip-
tion of the mined MULEs presented in this report can be
accessed on our World Wide Web site at http:/soave.biol.mcgill.
ca/clonebase/.

Sequence analysis and molecular cloning: Both PCR- and
computer-based approaches were employed to document past
transposition events and to confirm the position of termini
for some elements by identifying RESites (i.e., sequences that
are related to empty sites; LE et al. 2000). In the PCR-based
protocol, genomic DNA was isolated from 10 ecotypes of A.
thaliana: No-0, Sn-1, Ws, Nd-1, Tsu-1, Rld-1, Di-G, Tol-0, S96,
and Be-0 (Arabidopsis Biological Resource Center; http:/aims.
cps.msu.edu/aims). PCR primers were designed corresponding
to the regions flanking putative MULEs. A primer name was
composed of three parts, namely, (i) ATC (Arabidopsis thaliana
clone), (ii) the GI (Geninfo Identifier) number of the clone
harboring the MULE, and (iii) the corresponding position in
the clone where the primer sequence was derived. The primer
pair used to amplify RESites for MULE-1:GI12182289 was ATCGI2
182289-38427 (5'-GTGAGGCAACACGTCATCATCTGC3') and
ATCGI2182289-40214 (5"-CTGGTCTTGAACCTCGTTCATCC-
3"); for MULE-23:GI3063438, it was ATCGI3063438-86192 (5'-
CCACCTTTAATCCGGGAGAATTC-3") and ATCGI3063438-99
055 (5'-CACGATGGAACTCCAGTCAG-3'); and for MULE-
24:GI2760316, it was ATCGI2760316-88054 (5-CATGTAACCCT
TCATGGGTGG-3") and ATCGI2760316-93177 (5'-TGGGATTC
CAATTTGTCAGCCTG-3"). PCR amplifications were carried out
using annealing temperatures ranging from 50-65° as previously
described (BUREAU and WESSLER 1994). Amplified fragments
were cloned into a pCR2.1 vector (Invitrogen, Carlsbad, CA)
and subsequently sequenced using a SequiTherm EXCEL II kit
(Epicentre, Madison, WI). The resulting DNA sequences were
compared with the corresponding sequences at element inser-
tion sites to confirm the position of element termini and TSDs.
Alternatively, the regions flanking putative MULEs were used as
BLAST queries to identify related sequences that lacked MULEs
(LE et al. 2000).

Information concerning the position, sequence, and structure
of putative open reading frames (ORFs) within mined MULEs

was inferred from the annotation of surveyed clones (AGI, http:/
www.arabidopsis.org/AGI/AGI_sum_table.html). Multiple se-
quence alignments of the members within individual MULE
groups were performed using DIALIGN 2.1 (http:/bibiserv.
techfak.uni-bielefeld.de/dialign; MORGENSTERN 1999) and
graphically displayed with PlotSimilarity as part of the GCG pro-
gram suit (version 10.0; Genetic Computer Group, University of
Wisconsin, Madison). The terminal-most consensus sequences
(100 nucleotides in length) of individual MULE groups were
derived from the corresponding alignments. In addition,
transposon insertions within the MULEs were identified using
these alignments. Information concerning the potential expres-
sion of the putative ORFs was inferred from searches against
GenBank expressed sequence tag (EST) databases. ProfileScan
(http: /www.isrec.isb=sib.ch/software/PFSCAN_form.html; GRris-
SKOW ¢l al. 1987) and Pfam HMM Search (http:/pfam.wustl.
edu/hmmsearch.shtml; BATEMAN et al. 2000) were used to
determine the location of conserved motif(s) within analyzed
protein sequences. Analysis of substitution patterns and deter-
mination of significant deviation from neutral expectations
(i.e., K,/ K = 1) were generated using the program K-Estimator
(version 5.3; COMERON 1995; COMERON et al. 1999). Sliding
window analysis of sequence diversity (calculated as r, the
average parities difference) across aligned sequences was con-
ducted using the program DnaSP (version 3.14; Rozas and
Rozas 1999).

Phylogenetic analysis: Maize mudrA and Arabidopsis mudrA-
related ORFs were compared by pairwise alignment using
BLASTX and multiple alignment using MULTALIN (http:/pbil.
ibep.fr / cgi-bin / npsa_automat.pl?page= / NPSA / npsa_server.
html; CorpeET 1988) to identify the most conserved region
for use in phylogenetic analysis. Using maize mudrA as an
outgroup, unrooted phylogenetic trees were derived from
both distance-based (neighbor-joining) and character-based
(parsimony) approaches using programs in the PHYLIP pack-
age (version 3.75c; FELSENSTEIN 1993). Nucleotide distances
were computed using the Kimura option of DNADIST. SEQ-
BOOT was used to generate 100 bootstrap replicates, each of
which was then analyzed by NEIGHBOR and DNAPARS. The
final majority-rule consensus trees were derived using CON-
SENSE.

RESULTS

As reported previously (LE et al. 2000), 28 MULE
groups, representing a total of 108 elements, were iden-
tified with systematic survey of 17.2 Mb of sequenced

TABLE 1

Summary of mined MULE groups in A. thaliana

No. of TIR size No. of elements TSD
Group elements Size range (bp) range (bp) with mudA-related ORF* size (bp)
MULE-1 20 492-3,952 103-408 1 9-12
MULE-2 9 444-4,809 101-222 1 7-11
MULE-3 2 1,213-3,771 107-158 1 10
MULE-16 1 3,646 292 1 6-7
MULE-24 7 1,075-4,445 100-319 2 9-10
MULE-27 7 552-4,703 141-307 1 9-11
MULE-9 16 2,338-17,078 NA’ 7 9
MULE-19 4 7,119-8,188 NA 4 8-9
MULE-23 6 12,267-19,397 NA 6 8-9

“Only one putative mudrArelated ORF was identified per element.

"Not applicable.
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Arabidopsis genome. Nine of the reported MULE
groups (72 elements in total) were found to contain the
element(s) encoding a putative protein sharing ~25%
similarity to MURA in maize. However, none of the
elements was found to harbor a mudrBrelated ORF.
Table 1 summarizes the primary features and diversity
of these groups. Detailed information of the mined ele-
ments described in this report as well as newly identified
members are available on our web site at http://soave.
biol.mcgill.ca/clonebase/. By analyzing flanking DNA
sequences between an insertion and its corresponding
RESite, the positions of both MULE termini and TSDs
were confirmed for representative members from all
nine MULE groups (Figure 1). Moreover, this analysis
provides convincing evidence that the mined MULEs
are indeed TEs.

Diversity of MULEs: Among the nine MULE groups,
six contain elements with long TIRs (TIR-MULEs, Table
1). In general, the TIR-MULEs are structurally similar
to Mu elements in maize (BENNETZEN 1996), with long
TIRs (100 to 408 bp) and typically 9-bp TSDs (among
the surveyed elements 49% have 9-bp TSDs, 39% have
10-bp TSDs, 5% have TSDs larger than 10 bp, and 7%
have TSDs shorter than 9 bp). Fifteen percent of the
TIR-MULESs contain a mudrA-related ORF and none
contains a second ORF. Within a group, the element(s)
harboring a mudrA-related ORF share(s) high sequence
similarity (>80%) with other members only at the TIRs
(Figure 2). Significant variation in element abundance
is also observed among MULE groups. For example,
only 1 member was identified for the MULE-16 group
in our survey, compared to 20 members in the MULE-1
group. Within the latter group, 12 members share
>90% sequence identity across their entire sequence.
They share similarity only with the TIR sequences of
the other 8 members in the same group.

TTCCATTAGAG 227

The three other MULE groups (in total 26 elements
were analyzed) also contain elements encoding MURA-
related proteins, and 92% of their members also have
a 9-bp TSD (Table 1 and Figure 1). However, MULEs
in these groups display the following characteristics that
have not been reported for Mu elements in maize or the
TIR-MULEs described previously. First, the 5’ terminus
and inverse complement of the 3’ terminus of these
individual elements share much lower (<60%) se-
quence similarity compared to the TIR-MULEs in Arabi-
dopsis and Mu elements in maize, which typically display
>80% sequence similarity between a given element’s
long TIRs (CHANDLER and HARDEMAN 1992; BENNET-
ZEN 1996; Figure 3). Second, members within a group
share relatively high sequence similarity (up to 95%)
across their entire length (Figure 2). Third, the majority
of the elements (69%) are very large in size, ranging
from ~7.1 kb to 19.4 kb. Eight out of 16 members of
the MULE-9 group are relatively smaller in size (~2 to
3 kb). Multiple alignment analysis revealed that the
smaller MULE-9 members were most likely derived from
larger members (data not shown). Fourth, many of the
large elements contain one or two ORFs in addition to
the ORF related to maize MURA; the others encode
hypothetical or unknown proteins. No EST information
for any of the contained ORFs was available in our survey
of EST databases. Given consistently low sequence simi-
larity at their termini compared to the long TIRs of
maize Mu elements and the Arabidopsis TIR-MULESs,
we designated these elements as non-TIR-MULEs.

MULE diversity was also reflected in variation within
mudrA-related ORFs. Of 22 sequences analyzed, the size
of the putative ORFs varied from 2249 bp to 4356 bp.
In addition, the mudrA-related ORFs were often com-
posed of different numbers of exons (i.e., 1-7) and
introns (i.e., 0-6). Pairwise comparison between maize
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Ficure 3.—Frequency distribution of sequence similarity
at the termini of each individual MULE element. The first 100
bp of each element were aligned to the reverse complement of
the last 100 bp, and the percentage similarity calculated.
MULE, -19, and 23 are non-TIR MULEs, while MULE-1, -2,
-3, -16, -24, and -27 are TIR-MULE:s.

mudrA and each of the mudrA-related ORFs (data not
shown) revealed that nucleotide substitutions, inser-
tions, and deletions all contributed in generating this
diversity.

In addition to sequence, structural, size, and element-
abundance variation, we also found evidence for acquisi-
tion of host DNA segments into the internal regions of
5 of the 64 TIR-MULEs analyzed (Table 2). The size of
the acquired DNA fragments range from 94 to 570 bp
and make up the major portion of the internal regions
of the corresponding elements. The acquired DNA se-
quences are 85-88% identical to the original host DNA
segments. Strikingly, all of the acquired DNA segments
correspond to the 5’ region (including 5" untranslated
region, 5’ flanking region, and the first one or two
exons/introns) of transcription factors or developmen-
tally regulated genes.

With one exception, MULE-1:GI2182289 (chromo-
some 1), the acquired gene sequences do not form

ORFs. This element shows significant sequence similar-
ity (LE et al. 2000) with a region spanning the first two
exons and the first intron of the Arabidopsis homeobox-
leucine zipper gene, Athb-1 [RUBERTI et al. (1991); also
referred to as HAT5 (ScHENA and Davis 1994); Figure
4A]. The acquisition of the Athd-1 gene segment results
in the formation of a novel putative ORF (Figure 4B)
encoding a 7l-amino-acid polypeptide. This putative
protein shares 88% amino acid sequence similarity (Fig-
ure 4C) with the N-terminal sequence of the Athb-1
that includes an acidic domain (Figure 4B). Analysis of
sequence diversity across the region of similarity be-
tween the putative gene from MULE-1:GI2182289 and
the Athd-1 gene indicates that noncoding regions have
diverged more extensively than exons (Figure 4D). Cal-
culation of substitution patterns between these two
ORFs using the method of CoMERON (1995) provides
an estimated ratio of nonsynonymous to synonymous
substitutions (K,/K) of 0.6733, which is not significantly
different from 1 (P> 0.05). Subsequent analysis has also
revealed a second MULE-1 (GI613649; chromosome 4)
with high nucleotide similarity to the same region of
Athb-1 (Figure 4A). The Athb-I-related region of MULE-
1:GI613649 has numerous frameshifts and stop codons
relative to Athb-1 (Figure 4C), but the reconstructed
amino acid sequence shares 80% similarity to the same
region of Athb-1. As with the initially identified segment,
aregion corresponding to the location of the firstintron
of Athb-1 is also present. No expression information of
the putative gene in MULE-1:GI2182289 was identified
through a survey of EST databases.

In a previous report (LE et al. 2000) we provided
evidence demonstrating that recombination between
different non-TIR-MULEs may generate MULE diver-
sity. Furthermore, we found that nested transposon in-
sertions also contribute to the MULE diversity. As de-
scribed in Table 3, nested insertions of both class I and
IT TEs have been identified within six non-TIR MULEs
(23% of the total non-TIR-MULEs identified). These
insertions have variable sizes (ranging from ~0.73 kb
to 6.67 kb) and have either TIR or long terminal repeat
(LTR) structures. Two of the TE insertions also contain
putative transposon-related ORFs. In addition, one TE
insertion in MULE-23:GI6007863 may belong to a novel
type of transposon. This TE has a 325-bp long TIR struc-
ture and is flanked by a 5-bp direct repeat (Table 3).

FIGURE 2.—Similarity plot of multiple sequence alignments of members from different MULE groups. Sequence similarity was
determined using DIALIGN 2.1 (MORGENSTERN 1999) and displayed using PlotSimilarity (UWGCG) with a sliding window 50
bp in size. Both nucleotide and indel variation lead to a reduction in similarity estimates. The approximate positions of the
mudrA-related ORFs and annotated exons (open boxes) and introns (solid bars) are indicated. The dashed line within the
diagram of the mudrA-related ORF in MULE-9 represents a region corresponding to a TE insertion. The mudrA-related sequences
in non-TIR-MULE groups are >85% identical to each other. The shaded regions in MULE-9 and -23 represent the sites where
other TE insertions (see Table 3) were identified (1, insertion of an En/Spm-like element; 2, insertion of an Athilalike solo LTR
element; 3, insertion of a MULE-3 element; 4, insertion of a Tag-I-like element; 5, insertion of a Tatl-like solo LTR; 6, insertion
of an unclassifiable element that contains a truncated 7y3/gypsylike integrase domain). As only one member was identified for

MULE-16, a multiple alignment was not performed.
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TABLE 2

MULE acquisition of host gene segments

Position of acquired
MULE

sequence within the element

Size of acquired

segment (bp) Description of host gene®

MULE-1: GI3702730 25,192-25,683

MULE-1: GI2815519 31,163-31,259
MULE-1: GI4678340 25,325-25,608
MULE-1: GI2182289 39,116-39,607

MULE-24: GI3193305 15,717-16,278

501 cderelated gene

(GI16714475:68568-68068)
94 Sfimbrin 2

(GI12811231:168-261)

292 SCRrelated gene
(GI7329669:13739-13448)

500 Athb-1
(GI16016704:5584-6083)

570 AtHSPI101
(GI16715467:744-1313)

* GI number and position of corresponding clone.

The internal sequence has coding capacity for a putative
protein that is 75 and 42% identical to the integrase
domains of Ty3/gypsy retrotransposons in A. thaliana
(LIN et al. 1999) and Ananas comosus (THOMSON et al.
1998), respectively. This putative insertion element may
reflect a novel class II element that has sustained an
insertion of a truncated 7y3/ gyspyrelated retrotranspo-
son. Alternatively, this sequence may represent a novel
type of terminal inverted-repeat-containing retrotranspo-
son (ZUKER et al. 1984; GARRETT et al. 1989).
Conserved sequence motifs: Figure 5 shows the con-
sensus of the first 100 terminal-most sequences for each
of the nine MULE groups. No sequence identical to the
maize MURA binding site (BENTTO and WaLBOT 1997)
was observed within any of the consensus sequences.
Comparison of the consensus sequences revealed differ-
ent levels of sequence conservation. First, the sequences
are highly conserved within a MULE group. However,
the overall sequence similarity is low between the termi-
nal sequences of members from different MULE groups.
Second, subterminal sequence motifs (12 bp to 24 bp
in length) were shared between the terminal regions of

individual non-TIR-MULE groups. Third, the terminal
regions were typically A + T-rich (>60%). Nucleotide
distribution within individual MULE groups (data not
shown) revealed a general mosaic distribution pattern
between A + T-rich and G + Crich regions. Fourth, a
general motif, 5'-R;4-3" (R = G or A) followed by a
short A + T-rich cluster, was identified at the distant
ends of all the consensus sequences except MULE-16.
This motif could also be found within the subterminal
regions of many MULEs (data not shown).

The MURA-related proteins encoded by the mined
MULEs were also analyzed for DNA-binding motif(s).
Using ProfileScan and Pfam HMM, we identified a mo-
tif, CX2CX4HX4C (X represents any amino acid), at
the C-terminal region of 16 Arabidopsis MURA-related
proteins (67% of the total analyzed proteins; Figure 6).
This motif also exists in a rice MURA-related protein,
anumber of known nuclear binding proteins, and other
transposases (Figure 6). The C-terminal region of maize
MURA has a similar motif, CX2CX4HX6C. Analyses of
the N-terminal regions do not reveal any known motif.

Phylogeny of TIR and non-TIR-MULEs: A conserved

TABLE 3

Insertions of other TEs into the MULEs

Inserted Size TIR size
MULE TE type Position (bp) Coding capacity (bp) TSD
MULE-9:

GI3299824 MULE-3 86,859-87,925 1,066 None 158 gtatgtacct
MULE-9:

GI3299824 En/ Spm-like 91,459-95,242 3,783 En/ Spmrlike transposase 13 ggt
MULE-9:

GI6136349 solo-LTR (Athila-like) 12,128-14,273 2,146 None 5 ccatt
MULE-9:

GI3128140 Tag-I-like 50,787-51,517 731 None 21 cttatgag
MULE-23:

GI6007863 Unknown 119,225-125,890 6,666 gag-pol polyprotein 325 atttg
MULE-23:

GI6007863 solo-LTR (TatI-like) 117,197-118,083 983 None 5 ataag
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FIGURE 4.—Acquisition of the Athb-1 gene by MULE-
1:GI2182289 and MULE-1:GI6136349. (A) Illustration of the
Athb-1 gene and the element structures. Solid boxes represent
exons; open boxes represent introns; shaded boxes with
arrows represent TIRs; slash-lined boxes represent the internal
region of MULE-1:GI6136349; and dash-lined boxes represent
the internal region of MULE-1:GI2182289. The correspond-
ing DNA sequences present in both dashed and slashed boxes
have sequence similarity <50%; the corresponding sequences
present in shaded boxes have sequence similarity >80%; and
the DNA sequences present in both solid and open boxes of
the elements have >86% sequence similarity with the corre-
sponding DNA sequence in the Athb-1 gene. (B) Structural
relationship between the Athb-1 and the putative protein,
M-Athb-1A. (C) Multiple alignment of the amino acid se-
quence shared between the putative protein encoded by
MULE-1:GI2182289 (M-Athb-1A), the derived polypeptide
from MULE-1:GI6136439 (M-Athb-1B) and the N-terminal re-
gion of the Athb-1. Identical amino acids are shaded. Asterisks
represent positions where a frameshift was introduced to
achieve an optimal alignment. (D) Sliding window of nucleo-
tide sequence diversity () across the region of similarity be-
tween MULE-1:GI2182289 and the Athb-1. Sequences corre-
sponding to an intron are located between positions 88 and
267 while the remaining regions correspond to exons.

region (270 nucleotides in total) was identified within
the maize mudrA and the Arabidopsis mudrA-related
OREFs (Figure 7) and used for phylogenetic analysis of
the nine MULE groups. We utilized two methods, neigh-
borjoining and parsimony, to establish evolutionary
relationships. Using maize mudrA as an outgroup se-
quence, both methods generated unrooted majority-
rule trees with similar topologies. The consensus tree
derived by the neighborjoining method is shown in
Figure 8. These phylogenetic relationships are consis-
tent with our classification of MULE groups based on
BLAST search results, since elements from one group
are monophyletic, with high bootstrap support (>93%),
and are separated by much shorter branch lengths than
the elements between groups. The phylogeny also indi-
cates that the non-TIR-MULE groups are more closely
related to each other than they are to any of the TIR-
MULE groups and that the non-TIR-MULEs that encode
a MURA-related protein may have undergone recent
amplification.

DISCUSSION

Genome sequencing projects allow for detailed analy-
sis of the patterns and extent of transposon diversity in
the genomes of model organisms. Our data suggest that
the MULEs in A. thaliana exhibit both extreme struc-
tural and sequence heterogeneity. In fact, the observed
variation indicates that the MULE superfamily may be
one of the most diverse mobile element superfamilies
in the plant kingdom. The presence of element inser-
tions of varying ages may partly account for MULE diver-
sity. The existence of numerous truncated MULEs (LN
et al. 1999; MAYER et al. 1999; LE et al. 2000) and the high
level of divergence between MULE groups indicates that
these elements might be an ancient mobile element
system in the Arabidopsis genome and that many ele-
ments may no longer be transpositionally active. How-
ever, the existence of MULEs with significant sequence
identity (>90%) and the identification of RESites from
the closely related ecotypes suggest that many MULEs
may have been recently mobile. The high level of diver-
sity may also reflect the potential ability of MULEs to
remain transpositionally competent with the presence
of few conserved sequence motifs.

Non-TIR-MULESs are a novel type of plant class II TE.
In contrast to the TIR-MULEs, as well as Mu elements in
maize, these elements are characterized by low sequence
similarity between termini of individual elements and
the absence of long TIR structures. One might expect
that these non-TIR-MULEs represent truncated, and
presently inactive, elements. However, these elements
are also characterized by their abundance in the ge-
nome, high level of homogeneity between members of
individual groups, and a relatively high frequency of
elements encoding a putative MURA-related protein.
These features, combined with phylogenetic analysis,
indicate that these elements are able to transpose in
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Tan{ transposase” 535 RESNGFNIGHRRTQ--Es 551
retrotransposon RT1 protein” 203 R(‘.‘YR?:LEHG ARD- VGR 219
gag-pot fusion polyprotein® 392 KEG IARN- —t‘iR 408
germline RNA helicase-4° 639 igg QEGRFAKD- -QQ 655
“DEAD” box helicases® 655 GGQEGRFAKD— —ﬁQ 671
gag-env fusion protein’ 470 PizFKcGQLGRIRAQ— —t.‘R 486
zinc finger protein 9° 156 NEYRE ESGgLARE— ‘QT 172
zinc finger protein” 188 TQH ELGHKANS- LK 204
splicing factor’ 90 GETGgFARE-—::R 106
SLU7 splicing factor 20 : QGEAGKKEKD— E 361
MULE:GI5441872* 18805 RBSR;}KGYGKNKAT— -CK 18852
MULE-24:GI3319339 96586 TCSN?:KQIGKNKGs"qx 96633
MULE-24:GI2760316 90038 TESNCKEIGHNKGT--CK 89991
MULE-16:G12443899 22930 HCKSEGEAGHNALR--EK 22977
MULE-9:GI3252804 42930 Qﬁs&CRQAGgNKKT— £x 42883
MULE-9:G14589411 35847 QCSRbRQAGgNKKT 35894
MULE-9:G13128140 59456  QESRCROAGHNKKT 59409
MULE-9:G16136349 10518 SREROAGHNKKM 10565
MULE-9:G14325365 47660 Q€S CRQAG@KKT 47613
MULE-23:GI3063438 91617 RCSRETGAGHNRAT 91664
MULE-23:GI3980374 43428 R(:SR(;TGAG RAT——(;K 43475
MULE-23:G12828187 21240 CSROTGAGHNRAT--GK 21287
MULE-23:GI5041964 21745 R SRC?’I‘GAGRNRA’I‘-—— 21792
MULE-23:G16007863 116329 Rﬁs TGSDBNRAT——EK 116376
MULE-23:GI4519197 68216  RCSRETGA* T--¢ K 68169
MULE-2:G15103850 8614 Tg N&LQEG KS--0K 8567
MULE-1.GI3510344 40354 HE AADgNSRH——HK 40307
MULE-3:G12832639 33301 H::GVQGAADBNSRH— -HK 33348
MULE-27:G14388816 30968 TCLNG*GEGHNKAG--GK 31015
MURA:GI2130141 696 TgPNizGELG RstymP 712

Ficure 6.—Multiple alignment of CX2CX4HX4C motif in
putative MURA-related transposases (derived using BLASTX)
and representatives of known proteins. The amino acid se-
quences corresponding to MURA-related transposases were
derived from virtual translations of MULE nucleotide se-
quences (position indicated). For the remaining proteins,
amino acid positions are given. Asterisks represent posi-
tions where a frameshift was introduced to achieve opti-
mum alignment. (a) Aspergillus niger var. awamori (GI1805251,
NYYSSONEN el al. 1996); (b) African malaria mosquito
(GI477117, BESANSKY et al. 1992); (c¢) human immunodefi-
ciency virus (GI4107489, Gao 1998); (d—e) Caenorhabditis ele-
gans (GI3386540, direct submission to GenBank; GI2773235,
direct submission to GenBank); (f) Avian endogenous retrovi-
rus (GI6048192, Sacco et al. 2000); (g) Homo sapiens
(GI105602, RajavasHisTH et al. 1989); (h) Drosophila melano-
gaster (GI1847869, direct submission to GenBank); (i) A. thali-
ana (GI2582645, LOoPATO et al. 1999); (j) Saccharomyces cerevis-
iae (G16320293, Jacq et al. 1997); (k) O. sativa (G15441872,
direct submission to GenBank); (1) Zea mays (GI12130141, HErsH-
BERGER ¢l al. 1995).

the absence of long TIR structures and that they might
be evolving as an independent lineage. Similar patterns
of structural diversity have been observed in a family of
unusual IS elements (such as IS901, IS116, and 1S902;
OnTsuBO and SEKINE 1996). These elements share a
group of related transposases. However, they have vari-
able terminal structures (with/without TIRs) and share
little sequence similarity within terminal regions (MAHIL-
LON and CHANDLER 1998).

Although the non-TIR-MULEs do not have long TIRs,
members of individual groups do contain degenerate
sequence motifs within their subterminal regions (Fig-
ure 5). Whether these motifs have any biological signifi-
cance remains unknown. For some class II elements,
transposition has been shown to involve transposase
binding at sequence-specific recognition sites and the
assembly of a transposase dimer (HAREN e/ al. 1999;
Davies et al. 2000). The non-TIR-MULE subterminal

motifs may correspond to transposase recognition se-
quences. Alternatively, the terminal regions may harbor
different cis-factors for transposase binding. In this sce-
nario, the mobilization of non-TIR-MULEs would re-
quire the assembly of heterodimeric transposase com-
plexes.

Overall, we observed low sequence similarity between
the terminal regions of members from different MULE
groups. Except for the few nucleotides at the distant
ends, no obvious sequence motif was identified to be
highly conserved among all the consensus sequences.
This sequence heterogeneity indicates that the binding
sites for MURA-related transposases is most likely group
specific in Arabidopsis. A similar case has been observed
for members of the T¢l/Mariner family of transposons
(PLASTERK 1996; VAN POUDEROYEN et al. 1997): each
group shows high sequence similarity between mem-
bers, but there is low sequence similarity between mem-
bers of different groups.

We have identified a general motif, 5’-R(;4-3" followed
by a short A + T-rich cluster, at both the terminal-most
ends and the internal regions of most of the MULEs.
This motif is similar to part of the sequence (5'-
CGGGAACGGTAAA-3") located in the maize Mul TIR
that is recognized by host factors (ZHAO and SUNDARE-
saN 1991) and may be necessary for cleavage and strand
transfer during transposition. In addition, this motif is
reminiscent of a sequence (5'-GDTAAA-3"; D = G, T,
or A) found in the subterminal regions of the maize Ac¢
element, which were demonstrated to be the recogni-
tion sites for the binding of nuclear proteins in maize
(BECKER and Kunze 1996) and tobacco (LEvy et al
1996). In fact, similar motifs have been recognized in
a variety of class II plant TEs (LEvy et al. 1996). It is
tempting to speculate that the motif identified in our
study may function as a ¢is-acting sequence in the regula-
tion of MULE activity.

We have also identified a CX2CX4HX4C motif at
the C-terminal region of the majority of MURA-related
proteins in Arabidopsis. This motif also exists in all
known retroviruses (with the exception of spumaretrovi-
ruses; COVEY 1986; SCHWARTZ ¢t al. 1997), many nucleic
binding proteins (BERG 1986), and some retrotranspo-
sons, such as copia-like retrotransposons from tobacco
(GRANDBASTIEN el al. 1989), and Ty elements in yeast
(JorpAaN and McpoONALD 1999). The CX2CX4HX4C
motif has been demonstrated to interact with viral RNA
(Covey 1986; DARLIX et al. 1995), eukaryotic pre-
mRNAs (Fu 1993; HEiricHS and BAKER 1995; LoraTO
et al. 1999), and single-stranded DNA (RAJAVASHISTH
et al. 1989; REMACLE et al. 1999). Given its RNA- and
DNA-binding characteristics, the CX2CX4HX4C motif
at the C-terminal region of the putative MURA-related
proteins might interact with the MULE DNA or RNA,
possibly playing a role in MULE transposition or the
regulation of MULE mobility in A. thaliana.

It seems that acquisition of host DNA sequences to



2028 Z.Yu, S. I. Wright and T. E. Bureau

MULE-1 41884 T
MULE-3 31987
MULE-24E 95354

MULE-24a 90935
MULE-18 21668 T
MULE-2 5860 T
MULE-27 29271
MULE-23C 90285
MULE-23E 20413

MULE-23D 8%5648
MULE-234 17836
MULE-23B 1145%38 T
MULE-23F 659687
MULE-S2& 52994
MULE-3D 345830
MULE-%E 455583
MULE-5C G0675
MULE-SB 30159
MULE-3F 5301
MULE-%G 488746
MULE-19C 58154

MULE-19D 75052 T
MULE-19B 94960
MULE-19A 30486
mudra 1510

£ 0 A

THAC
i

TAAC
g
e
K

ﬁ h
TCAA
i

Mo

b

S EREEEEEREERIIIIS:
EEEEF]

MULE-1 ABGTAGGES {6 A TEGC R T

MULE-3 AGGTAL AL CATR

MULE-24B TA A AATAGGAT

MULE-242 GGCA : B A :

MULE-16 CTOACEAT

MULE-2 3

MULE-27 3 C

MULE-230C

MULE-23E

MULE-23D

MULE-23A

MULE-23E

MULE-23F

MULE-5&

MULE-8D

MULE-SE

MULE-9C

MULE-9B

MULE-8F

MULE-%G

MULE=-19C

MULE-19D

MULE-19B

MULE-19&

mudra

MULE-1 P 41569
MULE-3 WA 32262
MULE-24E A 95629
MULE-Z24A 90660
MULE-18& 21943
MULE-2 A 9585
MULE-27 A 29992
MULE-23C 90551
MULE-23E C 20679
MULE-23D [ 89382
MULE-234 AT 21290
MULE-23E T 115264
MULE-23F 63421
MULE-5A 52880
MULE-8D I' 45959
MULE-SE 60409
MULE-5C 104865
MULE-5E 9587
MULE-9F 48611
MULE-%G SBEERE
MULE-19C 8T 78787
MULE-19D [ 94694
MULE-19B 94694
MULE-19& 30751
mudra A 1779

I |

G ARACTCE
AR CTTETTCTCANAG
GCACATARRAGGA
GATATA

EPED TR EEERELY
PP B 0) ) 6] 6) 63 G) G}

§ £
=

SRR ]

-]
G2 G2 G Gl

CTCTACAAGCT!
CTCTGAATCTTTEGA]

EE R

FIGURE 7.—Multiple alignment of the most conserved region between the Arabidopsis mudrA-related ORFs and the maize
mudrA gene. Nucleotides sharing >60% similarity are shaded. The similarity was determined by the conservation mode of the
program GeneDoc (NicHOLAS et al. 1997). The corresponding GI numbers for each MULE are as follows: MULE-1, 3510344;
MULE-2, 5103850; MULE-3, 2832639; MULE-16, 2443899; MULE-24A, 2760316; MULE-24B, 3319339; MULE-27, 4388816; MULE-
9A, 5672513; MULE-9B, 4185120; MULE-9C, 3128140; MULE-9D, 4589411; MULE-9E, 3252804; MULE-9F, 6136349; MULE-9G,
4325365; MULE-19A, 5041971; MULE-19B, 4585891; MULE-19C, 3242700; MULE-19D, 4914383; MULE-23A, 2828187; MULE-
23B, 6007863; MULE-23C, 3063438; MULE-23D, 3980374; MULE-23E, 5041964; MULE-23F, 4519197. The beginning and end
nucleotide positions in the corresponding clones are indicated for each sequence used in the alignment.

assemble new elements is a frequent event for TIR-
MULESs. In addition to our documentation of five acqui-
sition events in Arabidopsis, the maize Mu2 has also
been reported to have acquired a host MRS-A DNA
segment (Murelated sequence; TALBERT and CHAND-

LER 1988; TALBERT et al. 1989). These examples might
suggest a common pathway in generation of the hetero-
geneity of MULE internal sequences. While the acquisi-
tion events by Arabidopsis TIR-MULEs involved the 5’
ends of cellular genes, the significance of this bias is
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FIGURE 8.—A majority-rule and strict consensus tree of mudrA-containing MULE elements derived by the neighbor-joining
method. The frequencies (>50%) of corresponding branches among 100 derived neighbor-joining trees are indicated. The
corresponding GI numbers for each MULE are as indicated in the Figure 7 legend.

currently unknown. Acquisition of cellular genes does
not appear to necessarily prevent transposition since
two MULE-1 elements harboring Athb-I on different
chromosomes have been identified. Class I elements
have also been documented to acquire or transduce
cellular genes (BUREAU et al. 1994; BOEKE and STOYE
1997). These genes can be expressed by means of an
LTR promoter and in many cases lead to disease pheno-
types (Voct 1997). Likewise, acquired and modified
host DNA within MULESs could be expressed from either
a TIR-promoter, an acquired promoter, or a promoter
in the flanking region. However, there is currently no
evidence that the putative ORFs are actually expressed
in vivo or whether these polypeptides have any function.
While there is evidence for a lower level of divergence
between the putative ORF and Athb-1 in coding regions,
it is unclear whether this pattern reflects selective con-
straint only on Athb-1 or whether there are in fact func-

tional constraints on the coding region of the MULE-
1-related gene. The K,/ K ratio does not provide a strong
indication of departure from neutral patterns, sug-
gesting that the acquired exons may be nonfunctional.
In addition to generating element diversity, the ability
to capture sequences from hosts might be important in
creating adaptive changes for MULE evolution. On the
other hand, considering that genomic DNA segments
captured by Mu elements and MULEs can transpose,
likely be duplicated by means of replicative transposi-
tion, and recombine with sequences encoding func-
tional domains, these elements might also play impor-
tant roles in host gene organization and evolution
(HENIKOFF et al. 1997).

The discovery of the Mu element family in maize
involved the isolation and characterization of various
members. In this study, we have characterized the se-
quence and structural diversity of MULEs in A. thaliana,



2030 Z.Yu, S. I. Wright and T. E. Bureau

thereby extending the range of the MULE superfamily.
The apparent success of MULEs in the Arabidopsis ge-
nome provides an excellent opportunity for learning
about the mechanisms driving the diversity and evolu-
tion of a class II TE system in eukaryotic genomes. The
Mu element family in maize is a highly effective agent for
the creation of de novo mutations. In fact, Mu element-
tagging approaches have been extremely effective in
the isolation and functional analysis of numerous maize
genes (WALBOT 1992; MAES ef al. 1999). Introduction
of active Mu elements into heterologous plant species,
however, has not been successful (WaLsoT 1992). The
identification and characterization of MULEs in species
other than maize may therefore facilitate the develop-
ment of novel element-tagging approaches.
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