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Abstract Miniature inverted-repeat transposable elements

(MITEs) are short, non autonomous DNA elements that are

widespread and abundant in plant genomes. The high

sequence and size conservation observed in many MITE

families suggest that they have spread recently throughout

their respective host genomes. Here we present a maize

genome wide analysis of three Tourist-like MITE families,

mPIF, and two previously uncharacterized families, ZmV1

and Zead8. We undertook a bioinformatic analysis of MITE

insertion sites, developed methyl-sensitive transposon dis-

play (M-STD) assays to estimate the associated level of CpG

methylation at MITE flanking regions, and conducted a

population genetics approach to investigate MITE patterns

of expansion. Our results reveal that the three MITE families

insert into genomic regions that present specific molecular

features: they are preferentially AT rich, present low level of

cytosine methylation as compared to the LTR retrotranspo-

son Grande, and target site duplications are flanked by large

and conserved palindromic sequences. Moreover, the anal-

ysis of MITE distances from predicted genes shows that 73%

of 263 copies are inserted at less than 5 kb from the nearest

predicted gene, and copies from Zead8 family are signifi-

cantly more abundant upstream of genes. By employing a

population genetic approach we identified contrasting pat-

terns of expansion among the three MITE families. All

elements seem to have inserted roughly 1 million years ago

but ZmV1 and Zead8 families present evidences for activity

of several master copies within the last 0.4 Mya.

Keywords Maize � MITE � Tourist-like � M-STD �
Methylation � Evolution

Introduction

Transposable elements (TEs) are discrete DNA segments

found in nearly all living organisms examined, and are

particularly abundant in eukaryote genomes (Craig et al.

2002). TEs are traditionally divided into two classes

(Wicker et al. 2007). Class I elements, known as retro-

transposons, transpose via a RNA intermediate by a ‘‘copy

and paste’’ mechanism and are distinguished in five orders

on the basis of their internal genomic organization and

mechanistic features. Class II elements, known as DNA

transposons, transpose via a DNA intermediate and are

divided into two subclasses, distinguishable by the number

of DNA strands that are cut during transposition: both

strands in subclass 1 and one strand in subclass 2. Subclass 1
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TEs belonging to the TIR order comprise classical ‘‘cut-and-

paste’’ TEs that present short Terminal Inverted Repeats

(TIR) at their extremities and form, as most TEs, target site

duplication (TSD) upon insertion. Both TIR and TSD

sequences are used to distinguish nine different superfami-

lies, six of which are present in plant genomes (Wicker et al.

2007).

Class I elements of the LTR (Long Terminal Repeat)

order are by far the most common elements in plant gen-

omes and therefore greatly contribute to their evolution.

Hence, genome size expansions have often happened

through burst of LTR retrotransposons, and differences in

genome size observed among closely related species are

associated to variations in LTR retrotransposon content

(Ma et al. 2004; Piegu et al. 2006). In maize, the genomic

expansion due to LTR amplification has been particularly

dramatic leading the genome to double in size within the

last three million years (SanMiguel et al. 1998; Brunner

et al. 2005). As a result, the genomic content in TEs greatly

differs among maize inbred lines creating extended regions

of non-homology (Brunner et al. 2005).

Intense TE activity in grass genomes is, however, not

exclusive to LTR retrotransposons but also involved a

particular group of Class II elements (subclass 1) called

Miniature Inverted Repeat Transposable Elements (MITE).

MITEs were originally discovered in plants and soon

identified in many different organisms including fungi

(Yeadon and Catcheside 1995), insects (Braquart et al.

1999; Tu 2000), nematodes (Surzycki and Belknap 2000),

fishes (Izsvak et al. 1999) and humans (Smit and Riggs

1996). MITE elements are typically small in size

(\600 bp), A/T-rich and have the potentiality to form

single stranded secondary structures. These small non-

autonomous Class II elements are internal-deletion deriv-

atives of autonomous elements but usually exhibit a high

copy number, which distinguish them from most previ-

ously described non-autonomous TIR elements (Feschotte

and Mouches 2000). Because they have lost the gene

encoding the protein transposase and hence their capacity

to move, they rely on the transposase encoded by autono-

mous elements to successfully transpose. While sequence

homology with the related active DNA transposons is

loose, homology of the TIRs is an essential requirement for

MITE transposition (Feschotte et al. 2005; Loot et al.

2006). A high number of MITEs identified in plant gen-

omes belong to the Tourist-like and Stowaway-like super-

families, based on TIR and TSD sequences (Bureau and

Wessler 1992; Bureau and Wessler 1994; Feschotte et al.

2002). Because of their small size, the contribution of

MITEs to genome size enlargement is less dramatic than

LTR retrotransposons but they form the largest TE group in

terms of copy numbers in grass genomes (Feschotte et al.

2002). For example, in rice although MITEs constitute only

6% of the genome, they form the most numerous group

with over 100,000 elements belonging to hundreds of dif-

ferent families identified by sequence homology ([80%)

(Jiang et al. 2003) and hundreds of thousands of elements

are also present in the maize genome (Feschotte et al.

2002).

MITE elements do not insert randomly into the genome

but have target site preferences. They prefer single copy

regions (Bureau et al. 1996; Naito et al. 2006) to highly

repeated ones, and Tourist-like MITEs present TSDs

formed preferentially by the trinucleotide TAA (and its

complement TTA), which is duplicated upon insertion

(Bureau and Wessler 1992; Zhang et al. 2001; Yang et al.

2007). Moreover, two Tourist-like MITE families, mPIF in

maize and mPing in rice, showed a significant insertion

preference for a 9-bp palindromic extended target site

centered on the TSD, indicating a more complex target site

specificity (Zhang et al. 2001; Naito et al. 2006).

To explain the high sequence and size conservation

identified in most MITE families, it has been proposed that

MITEs have amplified recently from a very limited number

of master copies following a ‘‘strict master model’’ of

amplification (Feschotte et al. 2002; Jiang et al. 2004),

which must have been very successful given the high copy

numbers present in the host genomes. The characterization

of the rice Tourist-like mPing, which is the first active

MITE identified so far, has proved not only that MITEs are

capable of transposition by a ‘cut and paste’ mechanism

(Nakazaki et al. 2003; Yang et al. 2007) typical of Class II

elements, but also that the rate of accumulation per gen-

eration is indeed very high (Naito et al. 2006).

Despite this abundance of MITEs in the genome of

many organisms, mechanisms that govern MITE transpo-

sition and their evolutionary genomic history within their

host genomes remain poorly understood. Insights on the

evolution and the tempo of amplification of MITE families

within their host genome have mainly come from genome-

wide studies of rice and Arabidopsis genomes (Santiago

et al. 2002; Jiang et al. 2004; Naito et al. 2006), however,

no such studies have been performed so far on maize.

What we report here is the first genome-wide analysis of

three Tourist-like MITEs in the maize genome using the

2,500 Mb of sequence currently available. We performed a

structural characterization of target sites and a bioinfor-

matic analysis of regions flanking MITE insertions, and

developed methyl-sensitive transposon display (M-STD)

assays to quantify CpG methylation level of MITE flanking

regions. For comparison, M-STD was also performed on the

LTR retrotransposon Grande (Garcia-Martinez and Marti-

nez-Izquierdo 2003). Analyses of MITE flanking regions

revealed that they target preferentially AT rich and low

methylated genomic regions, and a large proportion of

MITEs are inserted at less than 5 kb from the nearest
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predicted gene. Moreover, in two of the MITE families, we

also identified palindromic sequences flanking the TSD,

which are the largest extended target sites so far identified

for MITEs. We used a population genetic approach to

search for signs of recent activities by investigating MITE

patterns of expansion. We found contrasting patterns of

expansion: while the 3 families originated around 1 million

years ago, we detected recent activity of several master

copies within the last 0.4 Mya in 2 out of 3 families.

Materials and methods

Mining of MITE copies

The BLAST program (Altschul et al. 1990) was used to

search a total of 15,521 BAC sequences representing almost

entirely the maize genome (2,580 Mb, release 1a.49). This

sequence dataset was downloaded from the Maize

Sequencing Project web server (http://ftp.maizesequence.

org/current/). Three previously characterized MITE

sequences found in the Vgt1 region (Salvi et al. 2007), in the

Dwarf8 gene (Thornsberry et al. 2001), and the mPIF259

element (AF416307.1) from the mPIF family (Zhang et al.

2001), representative of three distinct Tourist-like MITE

families, were used as queries. BLAST results were filtered

using a perl script according to the following parameters: an

expected value \1e-10, a minimum nucleotide identity rate

of 85% and query coverage of 90%. MITE sequences as

well as 50 flanking nucleotides on both sides of the MITE

insertions were subsequently extracted from BAC sequen-

ces. All copies of a given family were aligned using the

Clustal algorithm implemented in the MEGA 4.0 program

(Tamura et al. 2007) and alignments were refined manually.

Alignments are available upon request. Consensus

sequences were constructed for each MITE family after

removing sequences shared by more than 3 copies using the

program Bioedit (Hall 1999) with a threshold frequency set

to 60%.

MITE target sites and sliding window analysis

Ten nucleotides upstream and downstream the MITE TSDs

were analyzed to identify extended target sites, which were

visualized using the program Pictograms (http://genes.mit.

edu/pictogram.html). The remaining flanking nucleotides

were used to estimate the nucleotide content of MITE

insertion flanking regions and used to test for biases in the

nucleotide composition in extended target sites using a v2

test. MITE nucleotide content and sequence variability

expressed by Nei’s measure (Nei 1987) of nucleotide

diversity, p, and its standard deviation, were calculated

using the program DnaSP version 3.51 (Rozas and Rozas

1999). The same program was used to define conserved and

variable portions of the MITE sequences by sliding win-

dow analysis using window size and step size of 20

nucleotides. Windows with diversity equal or higher than

the average sequence diversity (p) plus 2 standard devia-

tions (SD) were defined as variable. Those with diversity

equal or less the average minus 2 SD were considered as

conserved.

Estimation of MITE distances to the closest predicted

genes

We downloaded the BAC annotation from genomese-

quence.org (http://www.maizesequence.org/index.html)

and used as probes each MITE sequence including 40

nucleotides upstream and downstream the insertion, to

precisely predict the MITE location within each BAC.

Then we identified the contig harbouring the MITE and its

coordinates within each BAC and extracted from the fil-

tered gene set release 3a.50 (a subset of the Working Gene

Set that has been filtered to remove pseudogene, TE-

encoded genes, and partial models) the annotation of the

corresponding contig. We then filtered the annotation to

retain MITE proximal genes only. It is nevertheless

important to bear in mind that this analysis is highly

dependent on the maize annotation quality and was per-

formed on unordered contigs, therefore the distance of

MITEs to any predicted gene is biased by the contig length.

Methyl-sensitive transposon display assay

To investigate methylation profiles associated with MITE

insertions, we employed the Methyl-Sensitive Transposon

Display (M-STD) method, which combines features of the

Methyl-Sensitive Amplification Polymorphism (M-SAP)

technique (Xiong et al. 1999) with those of the Sequence-

Specific Amplification Polymorphism (known also as

Transposon Display) (Waugh et al. 1997; Casa et al. 2000)

both modified versions of the amplified fragment length

polymorphism (AFLP) (Vos et al. 1995; Xu et al. 2000). In

brief, the M-STD reveals, by TE-anchored PCR of digested

genomic DNA, polymorphisms generated by TE insertions.

It also provides information on the methylation status of

TE flanking regions by using methyl-sensitive isoschizo-

meric enzymes. EcoRI was employed as rare cutter

enzyme. The isoschizomers HpaII and MspI, both recog-

nizing the 50-CCGG-30 restriction site, were used alterna-

tively in combination with EcoR1. HpaII and MspI differ in

their sensitivity to methylation (Xiong et al. 1999): HpaII

activity is blocked when either cytosine (internal or

external) is fully methylated, MspI is blocked when the

external cytosine is fully methylated or when it is

hemimethylated (which is rarely encountered) and both
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enzymes are blocked by full methylation of both cytosines.

Different methylation states of the internal cytosine at the

50-CCGG-30 restriction sites will result in different cleav-

age by the isoschizomers, generating variable PCR band

profiles between the two digests. For clarity, we will name

M-STD(HpaII) and M-STD(MspI) the M-STD band profile

obtained for either digestions.

The M-STD display was performed in four steps:

digestion, ligation of adaptors, pre-amplification and

selective-amplification. Genomic DNA (250 ng) was

digested with 1 U of EcoRI and either 2 U of MspI or 2 U

of HpaII for 3 h at 37�C. Digestion was followed by

inactivation (15 min at 70�C). MspI/HpaII and EcoRI

adaptor preparation (sequences in Table 1) and ligation

were performed according to Xu et al. (2000).

MITE preamplifications were performed using a primer

complementary to the MspI/HpaII adaptor and a primer

complementary to a MITE-specific sequence (the ‘‘int’’

primers in Table 1). Reactions were done in 20 ll con-

taining 19 PCR buffer, 4 ll of the diluted digested-ligated

DNA (1:4 in water), 0.4 lM of each primer, 0.2 mM

dNTPs, 1.5 mM MgCl2, and 1 unit of Taq DNA poly-

merase. Cycling parameters were: 94�C/2 min followed by

26 cycles of 94�C/30 s, 58�C/1 min (56�C for mPIF),

72�C/1 min and a final cycle of 72�C/3 min. The pream-

plification of the retrotransposon Grande was performed

using the MspI/HpaII adapter primer containing at the 3’

end an extra C and the EcoRI adapter primer containing an

extra A. PCR conditions were as described in Garcia-

Martinez et al. (2003).

Selective amplifications were performed using MITE

nested internal primers (the ‘‘ext’’ primers in Table 1), 50

labelled with IRD-700 fluorescent dye (Sigma-Genosys)

and the MspI/HpaII primer 3’-overhung by one selective

base (a C for ZmV1 and Zead8 and a G for mPIF).

Amplification mixture was performed as described above

from 5 ll of the diluted preamplification products (1:10 in

water) and 0.25 lM of primers. The cycle conditions were

94�C/2 min, 12 touchdown cycles of 94�C/30 s, 68�C/

1 min (-0.7�C each cycle), 72�C/1 min, followed by 23

cycles of 94�C/30 s, 58�C/1 min, and 72�C/1 min, and

final extension at 72�C/3 min. For the LTR retrotransposon

Grande the amplification mix was as described above using

the MspI/HpaII primer 3’-overhung with three selective

bases (CGT), and the other primer complementary to the

Grande LTR (Table 1). Cycle conditions were identical to

Garcia-Martinez and Martinez-Izquierdo (Garcia-Martinez

and Martinez-Izquierdo 2003).

Amplification products were diluted (1:20) in loading

buffer (94% formamide, 0.5 mg/ml bromophenol blue),

and migrated, after denaturation (5 min at 95�C) in a

40 cm 5% denaturing (6 M urea) long range acrylamide

gel (BMA, Rockland, ME, USA) in 19 TBE. The elec-

trophoresis was performed in a LI-COR DNA analyzer (LI-

COR, Lincoln, NE, USA) at 2,000 V for 6 h at 50�C, using

the LI-COR 50–700 bp size standard as internal ladder. In

order to test the reproducibility of the M-STD method and

to confirm band polymorphisms between the M-

STD(MspI) and M-STD(HpaII), each experiment was

repeated three times independently and the products loaded

on the same sequencing gel.

Only clear and reproducible bands were scored. For the

three MITE families MspI/HpaII adapter primers contain-

ing all four selective bases (A, C, G, T) were used in the

selective amplification for M-STD(MspI). Then the selec-

tive base that gave the highest number of bands was used

for the M-STD analysis (C for ZmV1 and Zead8 and G for

mPIF). For the retrotransposon Grande we tested in

M-STD(MspI) 4 combinations of 3 selective nucleotides

(CGG, CGT, CGC and CTA) and retained the selective

bases that gave the highest number of bands for the M-STD

analysis (CGT).

M-STD data analysis

M-STD was applied to a set of 10 maize inbred lines

(CL187-2, F2834T, HP301, Ky21, LAN496, Mo22, N25,

NY302, W85, ZN6), which DNAs were extracted as

described in (Tai and Tanksley 1991) with minor modifi-

cations. Only clearly identifiable and reproducible bands

were manually scored as methylated or unmethylated.

Table 1 Primer sequences

Primer name Primer sequence 50–30a

MspI/HpaII adapter1b GACGATGAGTCTAGAA

MspI/HpaII adapter2b CGTTCTAGACTCATC

MspI/HpaII Primerb GATGAGTCTAGAACGG

EcoRI adapter 1c CTCGTAGACTGCGTACC

EcoRI adapter 2c AATTGGTACGCAGTCTAC

EcoRI Primerc GACTGCGTACCAATTC

mPIF_Int CATTARTAAGATTYYAATTCCT

mPIF_Ext AATTCCTCAAAATGAAAGGAAACA

ZmV1_Int CRATCCCRCTCAATCCAC

ZmV1_Ext TCCACATGGATTGAGAGCTAA

Zead8_Int CCCCATGAAACTCCATGAAA

Zead8_Ext AGCTGATGTGGCAGGCTAAT

LTR-G1d CTTGGGCCTTTCGTGAG

a 30-overhung selective bases of the MspI/HpaII and EcoRI primers

are not included in the primer sequence and details about the selective

bases used are reported in Material and Methods. R = A/G and

Y = C/T
b As in (Xu et al. 2000)
c As in (Vos et al. 1995)
d As in (Garcia-Martinez and Martinez-Izquierdo 2003)
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Three classes of bands were identified. The first class

included bands present in both M-STD(MspI) and

M-STD(HpaII) profiles and were scored as unmethylated.

The second included bands present in the M-STD(MspI)

but missing from the M-STD(HpaII) and were considered

methylated. The third class of rarely appearing bands

corresponded to those present in M-STD(HpaII) but

missing from the M-STD(MspI). These bands have multi-

ple possible origins. They are either due to the hemime-

thylation of the external cytosine (that blocks the activity

of MspI but not of HpaII) or may result from length

polymorphism when two neighbouring CCGG sites har-

bour different methylation status. For instance, when the

closest CCGG site to a TE insertion is methylated and the

neighbouring one is not, one expect to obtain a longer

fragment for M-STD(HpaII) than for M-STD(MspI).

Because of the ambiguity on the origin of these bands, we

did not take them into account in the estimation of meth-

ylation levels. M-STD band profiles were analyzed sepa-

rately for each TE (mPIF, ZmV1, Zead8 and Grande).

Differences in proportion of methylated and unmethylated

bands were tested by chi-square tests.

MITE intrafamily diversity analysis

To investigate MITE intrafamily diversity we constructed

median-joining (MJ) networks using the network algorithm

(Bandelt et al. 1999) implemented in the program Network

4.5 (www.fluxus-engineering.com/sharenet.htm), which

was originally designed to deal with recurrent mutation. As

input data we used aligned sequences of MITE copies of a

given family assuming no recombination among TEs. The

network method allows combining all minimum-spanning

trees (where the total branch length is the minimum nec-

essary to connect all copies) from a given data set, within a

single network, which represents the minimum-spanning

network of the data set. A median-joining network consists

of nodes and links connecting the nodes. The nodes are

MITE sequences from the data set; the links connecting the

nodes represent genetic distances and are calculated by the

number of nucleotide differences (characters) between

sequences. To account for differences in informativeness of

characters (i.e. frequencies of changes for each nucleotide

position) the program allows applying a nucleotide specific

weighting scheme. We used a weighting scheme ranging

from 2 to 20 accordingly to each nucleotide frequency of

change, assigning higher weights to the informative sites

and lower weights to the highly variable sites. To simplify

the final network output we used the maximum parsimony

(MP) option.

Within each MITE family, the frequency distribution of

the number of differences between pairs of sequences

(pairwise differences), and raggedness index, r, were

computed in Arlequin version 3.11 (Schneider et al. 2000).

In order to compare frequency distributions of pairwise

differences among MITE families characterized by various

lengths, we normalized the number of pairwise differences

by the length of the consensus sequence in bp and

expressed it as a percentage. We therefore obtained com-

parable frequency distributions of the percentage of pair-

wise differences (called hereafter mismatch distributions)

for each MITE family.

Age estimates of MITE families

To estimate the age of MITE families, we first calculated

the average level of nucleotide substitutions (K) existing

between each MITE element and the family consensus

sequence using Kimura 2-parameter distance (Kimura

1980) with a transition/transversion ratio of 2. The average

MITE family age was estimated using the formula T = K/l
(Kapitonov and Jurka 1996; Jiang et al. 2002), assuming

l = 3.3 9 10-8 (upper limit l = 5.1 9 10-8 and lower

limit l = 2.0 9 10-8) and corresponding to the maize

intergenic-region substitution rate per site per year (Clark

et al. 2005). For ZmV1, we estimated the age of each cluster

identified by the network analysis, considering the most

frequent sequence within each cluster as the consensus

sequence.

Results

Description of three MITE families

mPIF, ZmV1 and Zead8 are the three MITE families ana-

lyzed in this study and were chosen because they are

potentially active (Tables 2 and 3). The mPIF family has

been previously described as containing potentially active

MITEs that share several common features with P Insta-

bility Factor (PIF) elements, including identical 14-bp

TIRs, similar subterminal sequences and a strong prefer-

ence for insertion into a 9-bp palindromic extended target

site surrounding the TSD (Walker et al. 1997; Zhang et al.

2001). The second family, ZmV1, whose first element was

discovered in the Vgt1 region (Salvi et al. 2007), is char-

acterized by having short length (\140 bp) and low intra-

family nucleotide diversity (p = 0.049), and exhibits

almost identical 14-bp TIRs and 50% internal sequence

identity with some Tourist-Zm MITE elements (Bureau and

Wessler 1992). The third family, Zead8, whose first ele-

ment was discovered in the Dwarf8 gene, contains all

characteristics of the Tourist-like superfamily including

14-bp TIRs that are 90% identical to the rice actively

transposing Tourist-like MITE mPing and the TTA/TAA

TSD. However, computer-based sequence similarity with

Plant Mol Biol (2009) 71:99–114 103
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Blastn in Plant Repeat Databases (http://plantrepeats.

plantbiology.msu.edu/index.html) (Ouyang and Buell

2004) did not reveal any sequence homology to charac-

terized MITE family.

Structural characterization of three Tourist-like MITE

families

Using sequence similarity search (BLAST) we identified

246 mPIF, 250 ZmV1 and 109 Zead8 sequences within the

public genome sequences of Zea mays. When several

MITE insertions were homologous in their flanking regions

but mapped to different positions, we decided to keep only

one of them in the alignment and discarded the others.

Such homology may be caused by insertion within other

TEs that may have transposed. We also discarded the

insertions containing large internal gaps. In total, 209, 211

and 79 copies were aligned for mPIF, ZmV1 and Zead8

respectively (Table 2).

To confirm the presence of the previously described

mPIF 9-bp palindromic extended insertion site (Zhang

et al. 2001; Naito et al. 2006) in our mPIF dataset and to

investigate the existence of palindromic insertion sites

associated with the two other MITE families, we extended

the analysis to 10 nucleotides upstream and downstream

MITE TSDs. After retrieving only copies with intact TSDs,

we analyzed a total 200 mPIF, 211 ZmV1 and 79 Zead8

insertion sites. For mPIF we recognized the 9-bp insertion

site previously described but found that the palindromic

motif could be extended to 19 bp centered on the TSD

(Fig. 1a). In ZmV1 we identified a palindromic insertion

site of 17 nucleotides centered on the TSD (Fig. 1b). For

Zead8 no palindromic sequence was identified beyond the

TSD when the full dataset was analyzed, but when recently

inserted copies (see below, cluster 1 of the network anal-

ysis) were analyzed separately, a 15 nucleotide palindromic

sequence centered on the TSD (Fig. 1c) was identified. In

this sequence the 3 bases upstream and downstream the

TSD corresponded to the target-site sequence identified for

the mPing MITE in rice (Naito et al. 2006).

We further analyzed base composition in the flanking

regions and extended target sites for mPIF and ZmV1. Both

are AT-rich regions: flanking regions contain 63 and 55%

of AT and palindromic sequences contain 70 and 54% of

AT, for mPIF and ZmV1 respectively. We referred to the

average base composition of the flanking region (excluding

the extended palindromic target site) to test for bias in

nucleotide frequency at each site of the palindromic

sequence. Of the 19 bp mPIF and the 17 bp ZmV1 exten-

ded insertion sites, 19 and 15 bp, respectively, were sig-

nificantly biased as estimated by a v2 test (P \ 0.01). In

contrast, we did not detect any nucleotide frequency bias at

the nucleotide positions beyond the palindromic site (data

not shown). Specific positions showed a strong bias

towards C or G (Fig. 1b). For example, mPIF exhibited a C

at position -3 and a G at position ?3 in 73 and 68% of the

sequences, respectively. Similarly, ZmV1 exhibited a

strong bias toward C at position -4 and -5 (69 and 56% of

the sequences, respectively) and toward G at position ?4

and ?5 (58 and 51% of the sequences respectively). This

bias was even stronger when only flanking regions of

recently inserted copies were analyzed (i.e. MITE copies

within clusters, see network analysis results). Among

cluster 2 sequences, a C was present at position -4 and -5

in 76% (22 out of 34) and 65% (26 out of 34), respectively,

and in cluster 3, 77% (14 out of 22) and 64% (17 out of 22)

respectively.

Table 2 MITE families’ features

Name Length Nb. of elements AT contenta AT contentb TIR sequences 50-30 TSD

mPIF 358 ± 3 bp 209 72% 63% GGCCCCATTTGTTT TAA/TTA

ZmV1 137 ± 3 bp 211 57% 55% GGGCTTGTTCGGTT TAA/TTA

Zead8 365 ± 6 bp 79 64% 56% GGCTATTCACAATG TAA/TTA

a Average AT content of MITE sequences
b Average AT content of MITE insertion surrounding regions calculated on 74 flanking nucleotides (excluding the extended target sites)

Table 3 Nucleotide diversity and age estimates

Namea p Kimura 2 distanceb Average age estimatec

mPIF 0.067 0.038 1.10 (0.7–1.9)

ZmV1 0.049 0.031 0.95 (0.5–1.5)

ZmV1 cluster 1 0.017 0.0094 0.29 (0.17–0.5)

ZmV1 cluster 2 0.017 0.0095 0.29 (0.17–0.5)

ZmV1 cluster 3 0.022 0.011 0.32 (0.19–0.5)

ZmV1 cluster 4 0.024 0.013 0.40 (0.25–0.6)

Zead8 0.065 0.040 1.20 (0.7–2.0)

Zead8 cluster 1 0.021 0.012 0.37 (0.2–0.6)

a mPIF, ZmV1 and Zead8 refer to the full dataset of each MITE

family. The four ZmV1 clusters and Zead8 cluster 1 include exclu-

sively copies falling within the corresponding clusters identified by

network analysis
b Average Kimura 2-parameter distance
c Average age estimate using Kimura 2-parameter distance expressed

in million of years
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To define variable and conserved regions among MITE

copies within the 3 families, we performed a sliding win-

dow (Fig. 2) analysis using p, the average number of

pairwise differences, as a nucleotide diversity estimate. In

ZmV1 the two windows containing 50 and 30 TIRs are the

most conserved, with values below the average p value

minus 2 SD and the rest of the windows are equal or above

the average p value (Fig. 2a). In mPIF the windows con-

taining the TIRs have p values very close to the average,

while the central part of the sequence is more variable and

characterized by higher p values, and the final 30 end more

conserved (Fig. 2b). In Zead8 the most variable regions

contain the 50 and 30 TIRs respectively, while the rest of the

regions are overall conserved (Fig. 2c). A similar result

was also obtained when MITE copies belonging to Zead8

cluster 1 were analyzed separately (figure not shown). This

analysis pinpointed conserved regions within families

whereas no common pattern in the distribution of nucleo-

tide diversity among the three MITE families emerged.

Positioning of MITEs with respect to predicted genes

We calculated the distance separating each MITE insertion

from the nearest predicted gene by analysing MITE insertion

flanking regions, for the full contig size. In total, we found

that 263 MITE copies harbour a gene in their flanking regions

(Table 4). This number must be considered as a lower bound

first because of the small size of a large number of contigs

(i.e. 117 of the 232 MITEs for which we did not find any gene

in the flanking regions are in contigs smaller than 20 kb);

second because of the ‘‘edge effect’’ due to insertion of

MITEs in the vicinity of a contig end (i.e. 151 of the 232

MITEs were located at less than 5 kb from either the 50 or 30

contig end). Indeed, for the 263 MITEs for which we could

estimate the distance from the nearest predicted gene, the

average contig size was of 47.5 kb and the MITE average

distance from either the 50 or 30 contig end was of 24 kb.

Among these 263 MITE copies, 44 were located within a

gene, most of which lied in introns (84.4%) as compared to

exons (15.6%) and 73% were found at less than 5 kb to the

nearest predicted gene (Table 4). Interestingly the distribu-

tion of MITE distances to the nearest predicted gene varied

among families. For example in mPIF, we were able to

estimate the distance to the nearest gene for 88 copies (42%

of all mPIF copies analyzed) and found that 21.6% of these

lied within a gene, while 15.9% were found at less than

500 bp and similar frequencies were found also for ZmV1.

For Zead8, we identified genes in the flanking sequences of

55 copies (70% of all Zead8 copies analyzed) of which only

5.7% were within a gene, while 27.3% were found at less

than 500 bp (see Table 4). The distribution of MITE inser-

tions in upstream and downstream regions of genes also

varied among MITE families. For mPIF and ZmV1 copies

inserted at less than 500 bp from a gene, we did not detect a

significant difference between the number of copies located

upstream or downstream of genes (6 and 8 copies respec-

tively for mPIF and 9 and 8 copies respectively for ZmV1). In

contrast, Zead8 copies were preferentially inserted upstream
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Fig. 1 Pictograms of the

extended target sites as obtained

from 200 mPIF elements (a),

211 ZmV1 elements (b) and 31

Zead8 elements belonging to

cluster 1 (c). Numbers on top of

each figure indicate the

nucleotide position from the

TA/TA TSD, indicating with

‘‘-’’and ‘‘?’’the positions at the

50 and 30 end of the TSD,

respectively. The height of each

letter is proportional to the

relative frequency of each

nucleotide at that position and

frequencies decrease from the

top to the bottom of the

pictogram
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of genes (12 out of 15 copies, v2 test P \ 0.03). A similar

trend was also observed when considering MITE copies

located within 5 kb from the nearest gene.

Methylation status of MITE flanking regions

Another property of MITE flanking regions that we were

interested in investigating was the level of cytosine meth-

ylation. We optimized the Methyl-Sensitive Transposon

Display (M-STD) technique for the three MITE families

and the LTR retrotransposon Grande (Garcia-Martinez and

Martinez-Izquierdo 2003). The isoschizomers HpaII and

MspI that display differential sensitivity to cytosine meth-

ylation were used to detect differences in methylation

patterns. HpaII activity is inhibited if either cytosine is

fully methylated, while MspI is inhibited by methylation at

the external cytosine only. The M-STD method, even if

assessing the CpG methylation status of internal cytosines

Nucleotide Position

π

(A)

0

0.02

0.04

0.06

0.08

40 80 1201

0.1

π

1 40 80 120 160 200 240 280 320 360
0

0.02

0.04

0.06

0.08

0.1

0.12
(B)

π

(C)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

40 80 120 160 200 240 280 3201 360

Nucleotide Position

π

0

0.02

0.04

0.06

0.08

40 80 1201

0.1

π

1 40 80 120 160 200 240 280 320 360
0

0.02

0.04

0.06

0.08

0.1

0.12

π

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

40 80 120 160 200 240 280 3201 360

Fig. 2 Sliding window analysis

of ZmV1 (a), mPIF (b) and

Zead8 (c) sequences. Average

nucleotide diversity (p) is

indicated with a dashed line;

while the average diversity ± 2

SD is indicated with a dotted
line. Regions containing the

TIRs are indicated in grey.

Conservation of TIR sequences

is evident only in the ZmV1
MITE family (a), while they

stand as the most variable

portions in the Zead8 MITE

family (c)

Table 4 MITE distance to the nearest predicted gene

MITE family Na Distances in bp

0 (within gene)b \500 500–1,000 1,000–5,000 [5,000 n.d.c

mPIF 88 21.6% (19) 15.9% (14) 5.7% (5) 26.1% (23) 30.7% (27) 120

ZmV1 120 18.3% (22) 14.2% (17) 10% (12) 30% (36) 27.5% (33) 90

Zead8 55 5.4% (3) 27.3% (15) 16.4% (9) 31% (17) 20% (11) 22

Total 263 16.7% (44) 17.5% (46) 9.9% (26) 28.9% (76) 27% (71) 232

a Number of MITEs for which we could determine the distance to the closest gene
b Percentage (number) of MITEs for each class of distance
c n.d. = not determined. It refers to the number of MITEs for which we could not determine the distance to the nearest gene
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at 50CCGG 30 sites only, has the advantage to be highly

efficient for large-scale detection of methylation levels at

TE flanking sequences. Indeed, changes in the PCR band

profiles between the two enzymatic digestions of the same

DNA sample reflect different CpG methylation state of the

restriction sites that are in the proximity of TEs (example

in Fig. 3).

In total we scored 98 bands for mPIF, 191 for ZmV1, 50

for Zead8, and 117 for Grande. In Fig. 4 are shown the

proportion of methylated and unmethylated bands obtained

for each TE. We observed significant differences between

the number of methylated and unmethylated bands for each

MITE family and for the LTR retrotransposon Grande

(mPIF: v2 = 4.1, P = 0.04; ZmV1: v2 = 110.6 P =

7.0E-26; Zead8: v2 = 25.92, P = 3.5E-07; Grande: v2 =

30 P = 4E-08), and a striking difference in the proportion of

methylated bands between MITE families and the LTR

retrotransposon. Yet, the number of unmethylated bands in

the three MITE families ranged from 60 and 88%, while

only 25% of the bands were unmethylated in LTR

retrotransposon Grande (Fig. 4). Among the MITE fami-

lies, mPIF exhibited relatively high methylation level (40%

of methylated bands) while ZmV1 and Zead8 (12 and 14% of

methylated bands respectively) exhibited level of methyla-

tion comparable to the average maize genomic methylation

level (14.4% of the sites) as estimated by M-SAP (Lu et al.

2008).

Diversity patterns and time estimates within MITE

families

We used a population genetic framework in order to get

insights into the evolutionary history of the three MITE

families. Phylogenetic analyses of TE DNA sequences are

generally conducted using hierarchical bifurcating trees.

Because our MITE datasets are characterized by: (i) few

phylogenetically informative characters, (ii) the presence

of recurrent mutations, (iii) the probable persistence of

ancestral copies and of multiple descendents from single

ancestors, such analyzes are not recommended (Posada and

Crandall 2001). Instead, we opted for using networks to

study MITE intrafamily diversity. Networks are connecting

nodes with branches whose length is related to the amount

of evolutionary changes among MITE sequences (copies).

The shape of the network, determined by the spatial dis-

tribution of the nodes and the length of the branches is an

indicator of past demographic events (Saillard et al. 2000;

Jobling et al. 2004). For instance, an expanded star net-

work, characterized by numerous nodes distributed around

its centre and separated by long branches, most likely

results from an old population expansion. Similarly, within

a network, a strict star-shaped cluster defined by a high

frequency central node (i.e. a single sequence shared by

many copies) surrounded by many, almost identical, low

frequency nodes, is indicative of a very recent expansion
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Fig. 3 M-STD gel for ZmV1 using 10 maize inbred lines (1 =

CL187-2, 2 = F2834T, 3 = HP301, 4 = Ky21, 5 = LAN496,

6 = Mo22, 7 = N25, 8 = NY302, 9 = W85, 10 = ZN6). For each

maize inbred line the M-STD(MspI) and the M-STD(HpaII) (noted as

M and H respectively) were loaded side by side to compare M-STD

band profiles. Methylated fragments, indicated with arrows, are

those that are present in the M-STD(MspI) but missing from

M-STD(HpaII). Only one arrow per locus is indicated but several

inbreds may exhibit a similar pattern. The 50–700 bp sizing standard

is indicated on the left
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from an ancestral element, i.e. the central node (Jobling

et al. 2004).

The network analysis revealed very different network

shapes for the three MITE families (Figs. 5, 6, 7). For mPIF

(Fig. 5) the network had an expanded star shape. No nodes

were present at the centre of the network and all of them

were distributed around it, separated by long branches of

similar length (indicating similar amount of nucleotide

differences). In contrast, for ZmV1 (Fig. 6) we obtained an

expanded star shape network, but it differed from mPIF

network by the presence, in the centre of it, of four strict

star-shaped clusters of copies referred as cluster 1, cluster 2,

cluster 3 and 4 (Fig. 6). These are distinguishable by the

presence of a central high frequency element sequence

(represented by the large size central circle) surrounded by

many unique or almost unique sequences (small circles)

separated by fewer nucleotidic changes. The Zead8 network

is instead divided in two portions, probably representing

two distinct subpopulations of copies separated by several

informative sites. The majority of the network is charac-

terized by distantly related sequences connected by long

branches and representing the older copies of this family.

The portion of the network included in the dashed oval is

instead characterized by the presence of closely related, but

not identical, sequences, consistent with a moderate recent

activity probably of several master copies (Fig. 7).

To further investigate the diversity patterns within MITE

families, we analyzed the pairwise distribution for each

MITE family. Studies on pairwise distribution have shown

that the shape of the distribution is influenced by episodes of

population expansion (Slatkin and Hudson 1991; Rogers

and Harpending 1992). A smooth bell-shaped pairwise

distribution indicates a rapid population expansion from a

single master element, whereas a ragged, multimodal dis-

tribution indicates a population whose size has been con-

stant over a long period of time. For mPIF and ZmV1 the

observed distributions are bell-shaped as shown also by the

very low raggedness values (0.002 and 0.0122, respec-

tively) (Fig. 8). The two curves, however, differ by having a

different distribution mode. For ZmV1 the mode is com-

prised between 2 and 3% of pairwise differences with over

32% of the observed values falling in it. For mPIF, instead,

the mode is comprised between 6 and 7% of pairwise dif-

ferences comprising almost 30% of the observed values.

Compared to ZmV1, the distribution of mPIF is therefore

skewed towards elevated values of the percentage of pair-

wise differences as further evidenced by the absence of

observations in the lowest class (0–1). A different distri-

bution was obtained for Zead8. It did not exhibit a smooth

unimodal pattern but rather a bimodal distribution charac-

terized by two picks, one centered between the 3 and 4% of

pairwise differences and the other between the 8 and 9%

(Fig. 8).

The average age of a MITE family considered to have

derived from one or very few closely related master copies

can be determined from the level of sequence divergence

accumulated among copies since their insertion. After their

insertions, we expect most of these copies not to be func-

tionally constrained and to accumulate mutations at a

neutral rate. Thus, the average divergence between the

members of a given family from their respective family

consensus sequence, provide an estimate of the age of the

family. The consensus sequence is considered here as the

best proxy for the common ancestor of the family. The

average age estimates of the three MITE families are

summarized in Table 3 and they are all very similar being

roughly 1 Mya. Signs of recent activity were detected in

both ZmV1 and Zead8 (Table 3). In ZmV1 an intense

activity of several master copies seem to have occurred

within the last 0.4 Mya and led to the formation of the 4

clusters of copies as revealed by the network analysis

(Fig. 6). In Zead8 the amplification of few master copies

led to the formation of a subpopulation of closely related

sequences within the last 0.37 Mya. We also calculated

ages from the average pairwise nucleotide diversity for

each MITE family, without inferring a consensus sequence

and found similar age estimates (data not shown).

Discussion

In the present study we used population genetics and

experimental approaches to investigate the structure and

evolutionary patterns of three maize Tourist-like MITE

families, mPIF, ZmV1 and Zead8. Previously it has been

shown that MITEs do not integrate randomly into their host

genome but insert preferentially in single copy regions. In

these regions they target specific short sequences (TSD)

which are duplicated upon insertion (Bureau et al. 1996;

Naito et al. 2006) and in few cases an extended 9 bp pal-

indromic target site has also been identified (Zhang et al.

2001; Naito et al. 2006). Our analysis of 200 mPIF and 210

ZmV1 insertion sites revealed high specificity for larger

target sites (Fig. 1a, b). In mPIF we identified a palin-

dromic target site twice as large as previously reported

(Zhang et al. 2001), extending for 19 nucleotides (Fig. 1a).

In ZmV1 we identified a new palindromic target sequence

of 17 nucleotides (Fig. 1b). Such palindromic motifs

associated with a high level of nucleotide conservation at

specific positions likely reflect their role in target site

specificity, further suggesting that MITE target preference

is more complex than previously thought.

Preference for specific target sites has already been

described for few transposons (Craig 1997; Ketting et al.

1997; Mahillon and Chandler 1998; Liao et al. 2000) but

they were generally small in size and poorly conserved. To
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our knowledge, there is so far only one TE, from the PIF/

Harbinger superfamily, that presents an extended target

site similar in size (17 bp) and specificity to the one we are

describing here (Kapitonov and Jurka 2004). It is worth

noticing that members of the PIF/Harbinger superfamily

are responsible for the origin and amplification of Tourist-

like MITEs (Zhang et al. 2004). Therefore, the presence of

extended palindromic target sites associated with Tourist-

like MITE families may be common, and provides indirect

evidences that different transposons of the PIF/Harbinger

superfamily are responsible for the recent amplification of

these Tourist-like MITEs.

If target sites indeed guide MITE insertions, we would

expect a higher level of target site conservation in recently

inserted copies. Yet, analysis of flanking regions of

recently inserted ZmV1 copies (copies belonging to the four

ZmV1 clusters) revealed a higher degree of nucleotide

conservation than the full dataset. Interestingly, while no

palindromic motif was detectable in Zead8 when analyzing

the full dataset, we identified such a motif in a young

subpopulation of copies (Cluster1 in Table 2 and Fig. 7).

This motif was very similar to the target site identified for

mPing MITE family in rice, which transposition is guar-

anteed by the active transposon Pong, supporting the

hypothesis that the related Zead8 transposon may be a

Pong-like transposon.

In addition to palindromic motifs, MITE insertions are

also affected by the presence of a specific genomic envi-

ronment determined by the nucleotide composition and

methylation level. Molecular characterization of regions

surrounding MITE insertions in Arabidopsis thaliana and

Caenorhabditis elegans (Surzycki and Belknap 2000;

One MITE copy

One nucleotide change

Fig. 5 Median-joining network

of mPIF copies. Each circle
represents a TE sequence and

the circle area is proportional to

the number of identical

sequences found in our sample.

Similarly, branch length is

proportional to the number of

nucleotide changes
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Santiago et al. 2002) revealed an insertion bias towards

AT-rich regions. This tendency has been interpreted as a

surviving strategy to escape purifying selection acting on

coding regions (usually GC rich). Our results confirm a

similar trend for MITE target regions in the maize genome,

as evidenced by the elevated AT content found in the

MITE flanking regions analysed (Table 2). Note that AT-

rich regions in the maize genome often correspond to

intronic and intergenic regions, which present an average

AT content of 57.7 and 54% respectively, as shown by

sequence analysis of 100 random BACs (Haberer et al.

2005). Our bioinformatic analysis of MITE insertion dis-

tribution with respect to predicted genes confirms MITEs’

tendency to insert into intronic and intergenic regions close

to genes (Table 4).

Regarding the methylation level, the quantification of

cytosine methylation levels at MITE flanking regions in

rice has revealed that MITEs insert primarily in poorly

methylated regions (Takata et al. 2005; Takata et al. 2007).

Using the M-STD analysis we report a similar pattern in

the maize genome. The internal cytosine at the 50-CCGG-30

sites of MITE flanking regions, was, on average, threefold

less methylated than the ones present in the vicinity of the

LTR retrotransposon Grande (Fig. 4). This striking dif-

ference fits well with the previous knowledge that LTR

retrotransposons tend to be embedded in hypermethylated

regions (Bennetzen et al. 1994), while MITEs are prefer-

entially inserting into single copy regions next to genes that

in plants are generally poorly methylated. Consistent with

these observations, we found that 73% of 263 MITE

MITE copies

One nucleotide change
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Fig. 6 Median-joining network

of ZmV1 copies. Each circle
represents a TE sequence and

the circle area is proportional to

the number of identical

sequences found in our data set.

Branch length is proportional to

the number of nucleotidic

changes. The numbers 1, 2, 3

and 4 indicate the four strict

star-shaped clusters grouping

identical or nearly identical

sequences
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insertions were located less than 5 kb from the nearest

predicted gene. The M-STD analysis revealed different

degrees of methylation among MITE families. mPIF

family exhibited higher level of methylation (40% of

bands; Fig. 4) compared to ZmV1 and Zead8. This could

result from preferential insertion of mPIF copies into more

repetitive intergenic regions, consistent with the higher AT

content of mPIF surrounding regions (Table 2), and could

be the reason why a smaller proportion of mPIF copies,

compared to the other MITE families, harboured genes in

their flanking regions (Table 4). Altogether, our results

suggest that MITE target preference are dictated by target

motifs and DNA accessibility.

Despite the fact that MITEs are among the most

numerous transposable elements in many organisms,

mechanisms that govern MITE transposition remain poorly

understood. What is known is that TIR sequences are

required for MITE mobilization because they are recog-

nized by the transposase proteins encoded by autonomous

transposons (Feschotte et al. 2005; Loot et al. 2006). As a

consequence, TIR sequences should present a higher level

of conservation compared to other MITE non essential

sequences. We observed TIR conservation only in ZmV1

(Fig. 2a) and interestingly, this family is the only one

exhibiting signs of intense recent expansion (Fig. 6). On

the contrary, in Zead8 no TIR conservation was seen, not

even when Zead8 cluster 1 copies were analyzed separately

(data not shown).

The sliding window analysis of Zead8 copies (Fig. 2c)

revealed instead an unusually high conservation of AT-rich

One MITE copy
One nucleotide change
One MITE copy
One nucleotide change

Fig. 7 Median-joining network

of Zead8 copies. Each circle
represents a TE sequence and

branch length is proportional to

the number of nucleotidic

changes. The shape of the

network is consistent with the

existence of two subpopulations

of copies, one older with highly

divergent sequences and one

recent containing closely related

ones (included within the

dashed oval and called Zead8
cluster 1 in Table 3)
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internal motives not present in the other MITE families. It

is not simple to understand why such a contrasted sequence

diversity exists between TIRs and internal sequences in this

MITE family. However, it is tempting to postulate that

while sequence variation at the TIR level for Zead8 may

indicate the loss of the active transposon necessary for its

transposition, the high conservation of internal sequences

may reflect a functional role of Zead8 copies in the maize

genome. Indeed, MITE insertions into promoter regions

can mediate gene expression levels (Yang et al. 2005)

through the regulatory motives they may harbour in their

sequences (Oki et al. 2008). Interestingly the bioinformatic

analysis of MITE insertions in relation to genes seems to

support this hypothesis at least for one of the MITE fam-

ilies analyzed. Zead8 copies were found largely upstream

of genes, while mPIF and ZmV1 exhibited no significant

difference in the number of insertions located upstream

versus downstream of genes.

Most MITE families described to date present a high

level of MITE intrafamily homology and size similarity

between copies (Bureau and Wessler 1992; Zhang et al.

2000) suggesting that they can be considered as a popu-

lation that experienced several successive steps of

amplifications (bursts) from a handful of master copies.

Bursts are followed by periods of inactivity and drift.

Identity in sequence and size will hence decrease over

time due to random mutation. A large number of identical

or very similar copies within a MITE family, therefore,

stands as evidence for a recent burst. Our population

genetic analyses reveal a consistent sign of activity dating

back 1 million years ago, as well as contrasted patterns of

expansion among the 3 MITE families. Hence, the net-

work topology of mPIF (Fig. 5) could be the signature of

an ancient population expansion of one or fewer ancestral

copies, followed by independent differentiation of each

new copy, accordingly to the strict master model pro-

posed for MITE family origin (Feschotte et al. 2002).

ZmV1 network reveals instead the presence of waves of

activity of several closely related master copies within the

last 0.4 Mya that gave rise to strict star-shaped clusters

(Fig. 6 and Table 3). In Zead8 the network shape suggests

the activity of several master copies that determined the

formation of two closely related subpopulations, one of

which has been moderately active within the last 0.37

Mya (Fig. 7).

The network results are supported by the pairwise dis-

tributions of MITE intra-family sequence diversity (Fig. 8).

The unimodal pairwise distributions found for mPIF and

ZmV1 as well as the depleted raggedness values, fit well

with the expectations of expanding populations. In mPIF,

the skew of the pairwise distribution toward elevated val-

ues and the tightness of the bell shape, indicate a unique

ancient expansion for these sequences. In ZmV1, the skew

of the distribution towards low values reflects the presence

of many identical or nearly identical sequences which

likely result from recent episodes of expansion. Finally, the

bimodal distribution of pairwise differences obtained for

Zead8 mirror the network obtained for this family, rein-

forcing the idea that this family derive from two waves of

expansion separated in time (Table 3).

In conclusion, by combining a molecular characteriza-

tion and a bioinformatic analysis of regions flanking MITE

insertions, we first showed that Tourist-like elements target

preferentially AT rich and low methylated regions, insert-

ing preferentially into intronic and intergenic regions close

to genes. Second, we showed that among the three MITE

families analysed, Zead8 was the only one having a sig-

nificant large number of insertions located upstream of

genes, perhaps reflecting their potential effect on gene

regulation. Third, we discovered in mPIF and ZmV1 pal-

indromic target sites characterised by sequence specificity

and size, which are the largest ever documented for any

TE. Both of these results suggest that several factors con-

tribute to MITE insertion preference and these factors

differ among MITE families. Moreover, by employing a

population genetic approach to analyse sequence diver-

gence among MITE copies within each family, we identi-

fied successive waves of expansion among the three MITE

families. The oldest insertions in all families date back

roughly to 1 million years, but more recent activity of

several master copies within the last 0.4 Mya was detected

in Zead8 and ZmV1. It would be interesting, now that the

majority of the maize sequence is available, to extend this

study to other MITE families in order to establish a clear

picture of the evolution of MITEs as well as to identify

families that may have contributed to the adaptive history

of maize.
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